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Abstract
Upper atmospheres ofHot Jupiters are subject to extreme radiation conditions that can result in rapid
atmospheric escape. The composition and structure of the upper atmosphere of these planets are affected
by the high-energy spectrum of the host star. This emission depends on stellar type and age, which are
thus important factors in understanding the behaviour of exoplanetary atmospheres. The work descried
in this thesis details the development of a new 1D ionospheric model to describe the upper atmospheres
of Extrasolar Giant Plants (EGPs). The model is time-dependent and includes photo-chemistry and dif-
fusive transport. Electron-impact ionisation processes are taken into account through coupling with a
suprathermal electron transport code. Neutral composition and temperature profiles are obtained by us-
ing a thermospheric model that incorporates atmospheric escape. Atmospheres composed ofH,H2, He,
and their associated ions are considered.
Efforts have been made to obtain accurate X-ray and Extreme Ultraviolet (EUV) spectral irradiance
of the stars studied. To this effect, synthetic spectra are used originating from a detailed coronal model
for three different low-mass stars of different activity levels: ϵ Eridani, AD Leonis and AUMicroscopii.
This work is the first study of the ionosphere of EGPs that takes into account the different spectral energy
distribution of low-mass stars.
In planets subjected to radiation from active stars, the transition from slow, Jeans escape to a regime of
rapid hydrodynamic escape at the top of the atmosphere is found to occur at larger orbital distances than
for planets around low activity stars (such as the Sun). To correctly estimate the critical orbital distance
of this transition, the spectral shape of stellar XUV radiation is important. A novel method to scale the
EUV region of the solar spectrum based upon stellar X-ray emission is developed in this work. This new
method produces an outcome in terms of the planet’s upper atmosphere and escape regime that is very
similar to that obtained using a detailed coronal model of the host star.
EGP ionospheres at all orbital distances and around all stars studied are dominated by the long-lived
H+ ion. In addition, planets in the Jeans escape regime also have a layer in which H+3 is the major ion at
the base of the ionosphere. For fast-rotating planets, H+3 densities undergo significant diurnal variations,
their peak value being determined by the stellar X-ray flux. In contrast, H+ densities show very little
day/night variability and their value is determined by the level of stellar EUV flux. TheH+3 peak in EGPs
in the rapid hydrodynamic escape regime under strong stellar illumination is pushed to altitudes below
the homopause, where this ion is likely to be destroyed through reactions with heavy species (C, O, etc.).
4
Contents
1 Introduction 15
1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2 Host stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.2.1 Solar magnetic activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.2.2 Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.2.3 Sun in Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.2.4 Stellar variability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.3 Planetary upper atmospheres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
1.3.1 Solar system giant planet ionospheres: the case of Saturn . . . . . . . . . . . . . 32
1.3.2 Ionospheres in exoplanetary systems . . . . . . . . . . . . . . . . . . . . . . . . 38
2 Solar and stellar X-ray and UV radiation 45
2.1 Instrumentation for solar and stellar XUV observations . . . . . . . . . . . . . . . . . 45
2.1.1 TIMED/SEE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.1.2 SORCE/XPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.1.3 SDO/EVE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.2 Evolution of solar irradiance over different timescales . . . . . . . . . . . . . . . . . . . 52
2.2.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.2.2 Solar cycle variability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2.2.3 Rotational variability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.2.4 Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.2.5 XUV flux bands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.3 Stellar XUV irradiance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.3.1 Absorption in the Inter-Stellar Medium (ISM) . . . . . . . . . . . . . . . . . . 68
2.3.2 Coronal model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2.3.3 Testing the synthetic spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
2.3.4 Scaling of the solar spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3 Thermosphere 85
3.1 Thermospheric model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.1.1 Fluid equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.1.2 Lower boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.1.3 Upper boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.1.4 Photochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5
3.1.5 Model runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
3.2 Planets orbiting solar-type stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.3 Planets orbiting other low-mass stars . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
3.3.1 Escape regimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
3.3.2 Validation of synthetic spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
3.3.3 Highly enhanced stellar X-ray irradiance . . . . . . . . . . . . . . . . . . . . . . 100
3.4 Using scaled solar spectra to estimate stellar XUV emissions . . . . . . . . . . . . . . . 102
3.5 Mass loss rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4 Ionosphere 109
4.1 Ionospheric model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.1.1 Ionisation mechanisms and theory . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.1.2 Fluid equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.1.3 Chemical reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.1.4 Photo-absorption and photo-ionisation cross-sections . . . . . . . . . . . . . . . 123
4.1.5 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
4.1.6 Model validation for the case of Saturn . . . . . . . . . . . . . . . . . . . . . . 128
4.2 High resolution H2 photo-absorption cross-section . . . . . . . . . . . . . . . . . . . . 135
4.3 Ionisation in planetary atmospheres . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
4.3.1 Planets orbiting at 1 AU from solar-type stars . . . . . . . . . . . . . . . . . . . 141
4.3.2 Planets orbiting other low-mass stars at 1 AU . . . . . . . . . . . . . . . . . . . 150
4.3.3 Using scaled solar spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
4.3.4 Variation with orbital distance . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
4.3.5 Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
5 Conclusions and future work 175
References 199
Appendix A Neutral densities 201
Appendix B Ion densities from the thermospheric model 207
Appendix C Summary of permission for third party copyrightworks 215
6
Listing of figures
1.1 Mass versus semi-major axis of known planets. . . . . . . . . . . . . . . . . . . . . . . 16
1.2 Schematic of a transiting exoplanet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.3 Images of the Sun in different wavelengths, temperature profile in the solar atmosphere
and solar spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.4 Image of an active region in the solar photosphere. . . . . . . . . . . . . . . . . . . . . 22
1.5 Solar spectral irradiance and irradiance variability. . . . . . . . . . . . . . . . . . . . . 24
1.6 Time evolution during a solar flare of the flux in the X-ray and in specific EUV emission
lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.7 Stellar rotational velocity versus age for solar analogues. . . . . . . . . . . . . . . . . . . 28
1.8 Power laws describing the decay of stellar flux emissions. . . . . . . . . . . . . . . . . . 28
1.9 Amplitude of the V band variability as a function of log(R−10 ). . . . . . . . . . . . . . . 29
1.10 Slope of the regression of the annual mean photometric brightness variation over the an-
nual mean chromospheric variation, plotted as a function of average chromospheric level. 30
1.11 Schematic of the thermal structure, ion density and neutral density of Earth’s atmosphere. 33
1.12 Averages of dawn (dashed line) and dusk (solid line) electron density profiles, as measured
by radio occultation with Cassini at Saturn. . . . . . . . . . . . . . . . . . . . . . . . . 34
1.13 Modelled profiles in altitude of electron and major ion densities at Saturn. . . . . . . . . 36
1.14 Latitudinal variations of the peak electron density, and the total electron content. . . . . 36
1.15 Modelled number density profiles and heating rates and efficiencies in the ionosphere of
HD209458b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
1.16 Modelled number density profiles for HD209458b, with the inclusion of hydrocarbon
and water molecules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.1 Known problems with various wavelength bins in TIMED/SEE spectra. . . . . . . . . . 50
2.2 Illustration of regression slope with notations. . . . . . . . . . . . . . . . . . . . . . . 53
2.3 Sunspot numbers for cycles 23 and 24 . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.4 TIMED/SEE cross-correlation plot, cycle timescale. . . . . . . . . . . . . . . . . . . . 56
2.5 SDO/EVE cross-correlation plot, cycle timescale. . . . . . . . . . . . . . . . . . . . . . 58
2.6 Correlation coefficients for given emission lines over cycle timescales. . . . . . . . . . . . 59
2.7 TIMED/SEE cross-correlation plots, rotational timescales. . . . . . . . . . . . . . . . . 60
2.8 Time evolution of the solar spectrum during an X2.2 flare. . . . . . . . . . . . . . . . . 62
2.9 Time evolution of the solar spectrum during an X5.4 flare . . . . . . . . . . . . . . . . 62
2.10 Time evolution of the intensities of a few specific wavelength bins during solar flares. . . 63
7
2.11 SDO/EVE cross-correlation plot, X2.2 flare. . . . . . . . . . . . . . . . . . . . . . . . 65
2.12 SDO/EVE cross-correlation plot, X5.4 flare. . . . . . . . . . . . . . . . . . . . . . . . 66
2.13 FEUV-to-FX ratio as a function of FX for the Sun over the course of a solar cycle. . . . . . 67
2.14 ISM extinction curves for the stars ϵ Eri, AD Leo and AUMic . . . . . . . . . . . . . . 69
2.15 EmissionMeasure Distribution for AD Leo . . . . . . . . . . . . . . . . . . . . . . . 72
2.16 Comparison of synthetic spectra to X-ray and EUV observations. . . . . . . . . . . . . 74
2.17 FEUV-to-FX as a function ofFX for the Sun over the course of a solar cycle and for the stars
α Cen B, ϵ Eri, AD Leo, AUMic, and ABDor. . . . . . . . . . . . . . . . . . . . . . . 77
2.18 Comparison of synthetic spectra to scaled solar spectra. . . . . . . . . . . . . . . . . . . 80
2.19 Stellar X-ray flux densities at 1 AU. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.1 Thermospheric temperature profiles in 1D model versus 3Dmodel. . . . . . . . . . . . 88
3.2 Mole fractions determined by theLavvas et al. [2014] photochemicalmodel forHD209458b. 89
3.3 Temperature profiles for planets orbiting a solar-like star. . . . . . . . . . . . . . . . . . 94
3.4 Densities of the neutral species for a planet orbiting the Sun. . . . . . . . . . . . . . . . 95
3.5 Temperature profiles for planets orbiting ϵ Eri, AD Leo, and AUMic. . . . . . . . . . . 98
3.6 Temperature profiles in planets orbiting ϵ Eri, using synthetic spectra and EUVE observa-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
3.7 Thermosphericmodel runswith different lower boundary pressures and IR cooling options. 101
3.8 Temperature profiles for planets orbiting ϵ Eri, AD Leo, and AUMic, using scaled solar
and synthetic spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
3.9 Mass loss rates as a function of orbital distance. . . . . . . . . . . . . . . . . . . . . . . 106
4.1 Photo-absorption and photo-ionisation cross-sections used in the ionosphere model. . . 124
4.2 H2 photo-absorption cross-section, comparison between different sources. . . . . . . . . 126
4.3 Rate coefficients of reaction 11b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
4.4 Neutral atmospheric densities and temperature at Saturn. . . . . . . . . . . . . . . . . 131
4.5 Saturn ion and electron densities at solar maximum, 30◦ N latitude during Saturn equinox. 133
4.6 Saturnmid-latitude electron densities at dusk, at solar maximum andminimum, compar-
ison to observations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
4.7 Photo-ionisation ion production rates and pressure or altitude of unity optical depth for
Saturn andanEGPorbitingADLeo, using low- andhigh-resolutionH2 photo-absorption
cross-section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
4.8 Ion densities at Saturn low- and high-resolution H2 photo-absorption cross-sections. . . 140
4.9 Ion densities in a planet orbiting AD Leo, using low- and high-resolution H2 photo-
absorption cross-sections. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
4.10 p(τ = 1) as a function of wavelength, for an EGP orbitingADLeo, using high-resolution
H2 photo-absorption cross-sections. . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
4.11 Density profiles at dawn, noon, and dusk (18 LT), for an EGP at 1 AU from a Sun-like star. 142
8
4.12 Chemical production and loss rates at local noon for an EGP at 1 AU from a Sun-like star. 144
4.13 Contour plots of densities as a function of local time and pressure, for an EGP at 1 AU
from a Sun-like star. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
4.14 Solar spectrum, photo- and electron-impact ionisation rates, and p(τ = 1) for an EPG
orbiting at 1 AU from a Sun-like star. . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.15 Photo-electron source function, for an EGP at 1 AU from a Sun-like star. . . . . . . . . . 149
4.16 Contour plot of the ratio of electron densities determined including both primary and
secondary ionisation and those determined including just primary ionisation. . . . . . . 150
4.17 Stellar spectra, combined photo- and electron-impact ionisation rates, and p(τ = 1) for
EPGs orbiting at 1 AU from different stars. . . . . . . . . . . . . . . . . . . . . . . . . 151
4.18 Primary efficiency in EGPs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.19 Contour plots of the ratios between electron densities in different upper atmospheres. . . 154
4.20 Diurnal variation of peak H+ and H+3 densities in an EGP orbiting a solar-like and other
stars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
4.21 Contour plots of densities as a function of local time and pressure, for an EGP at 1 AU
from AUMic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
4.22 Electron production rates from photo-ionisation and electron-impact ionisation in EGPs
orbiting different stars at 1 AU. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
4.23 Stellar spectra, photo- and electron-impact ionisation rates, and p(τ = 1) for EPGs orbit-
ing ϵ Eri, using synthetic and scaled spectra. . . . . . . . . . . . . . . . . . . . . . . . . 160
4.24 Stellar spectra, photo- and electron-impact ionisation rates, and p(τ = 1) for EPGs orbit-
ing AD Leo, using synthetic and scaled spectra. . . . . . . . . . . . . . . . . . . . . . . 161
4.25 Stellar spectra, photo- and electron-impact ionisation rates, and p(τ = 1) for EPGs orbit-
ing AUMic, using synthetic and scaled spectra. . . . . . . . . . . . . . . . . . . . . . . 162
4.26 Neutral densities from the thermospheric model in an EGP orbiting AUMic, using syn-
thetic and scaled spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
4.27 Ion density profiles in EGPs orbiting different stars, using synthetic and scaled spectra. . . 164
4.28 Major ion densities for an EGP orbiting AD Leo at different orbital distances. . . . . . . 166
4.29 Synthetic quiescent and flaring spectrum of AU Mic, and time evolution of spectrum
during modelled flare event. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
4.30 Contour plot of the ratio between the electron density and the pre-flare electron density. . 169
4.31 Time evolution of major ion densities at given pressure levels. . . . . . . . . . . . . . . 170
A.1 Neutral densities for an EGP orbiting the Sun. . . . . . . . . . . . . . . . . . . . . . . 202
A.2 Neutral densities for an EGP orbiting ϵ Eri. . . . . . . . . . . . . . . . . . . . . . . . . 203
A.3 Neutral densities for an EGP orbiting AD Leo. . . . . . . . . . . . . . . . . . . . . . . 204
A.4 Neutral densities for an EGP orbiting AUMic. . . . . . . . . . . . . . . . . . . . . . . 205
B.1 Ion densities for an EGP orbiting the Sun. . . . . . . . . . . . . . . . . . . . . . . . . 208
9
B.2 Ion densities for an EGP orbiting ϵ Eri. . . . . . . . . . . . . . . . . . . . . . . . . . . 209
B.3 Ion densities for an EGP orbiting AD Leo. . . . . . . . . . . . . . . . . . . . . . . . . 210
B.4 Ion densities for an EGP orbiting AUMic. . . . . . . . . . . . . . . . . . . . . . . . . 211
B.5 Ion densities for EGPs irradiated using EMD-scaled spectra. . . . . . . . . . . . . . . . 212
B.6 H+3 densities for EGPs orbiting at different orbital distances. . . . . . . . . . . . . . . . 213
10
List of Tables
2.1 Instrument characteristics used to observe solar and stellar XUV and FUV fluxes . . . . . 47
2.2 Gaps in TIMED/SEE data coverage. . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.3 Stellar properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2.4 Stellar X-ray and EUV luminosities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
2.5 Surface flux and luminosity ratios for the different stars. . . . . . . . . . . . . . . . . . 79
2.6 Stellar fluxes at 1 AU for ϵ Eri, AD Leo and AUMic. . . . . . . . . . . . . . . . . . . . 81
3.1 Chemical reactions used in the thermospheric model. . . . . . . . . . . . . . . . . . . . 92
3.2 Parameters of the thermospheric model runs. . . . . . . . . . . . . . . . . . . . . . . . 93
3.3 Mass loss rates for planets orbiting different host stars, at various orbital distances. . . . . 105
4.1 Neutral gas polarisability γn in units of 10−24 cm3. . . . . . . . . . . . . . . . . . . . . 120
4.2 Ion - neutral collision coefficientsCin in units of 10−10 cm3 s−1. . . . . . . . . . . . . . . 120
4.3 Ion – ion collision coefficientsBij in units of cm3 s−1 K3/2. . . . . . . . . . . . . . . . . 120
4.4 Chemical reactions used in the ionospheric model. . . . . . . . . . . . . . . . . . . . . 122
4.5 Chemical reactions used in the Saturn ionospheric model. . . . . . . . . . . . . . . . . 130
4.6 Photo-ionisation reactions and their threshold energies and wavelengths. . . . . . . . . . 136
4.7 Peak densities of H+ and H+3 over a diurnal cycle. . . . . . . . . . . . . . . . . . . . . . 156
11
12
Acknowledgments
Iwould like to thank first and foremostmy twoPhD supervisors, Dr.MarinaGaland andDr. Yvonne
Unruh. Without their expertise, support, and dedication over the last four years, this work could never
have been completed. I am also indebted tomy two examiners, Prof. Roger Yelle and Prof. JoannaHaigh,
for their careful reading of this thesis and the interesting discussions that ensued during my viva. In
addition, much of this work could not have been undertaken without the fruitful collaborations built
up with Dr. Tommi Koskinen and Dr. Jorge Sanz-Forcada.
I have been incredibly lucky to have spent my time at Imperial amongst the many amazing people of
the Space and Atmospheric physics group. Special thanks are due to the two officemates I’ve had over
these years, first Flo, then Luc, with whom I have passed an incredible number of hours either working
in companionable silence, or laughing, arguing, or just being plain ridiculous together. PhD life is not
always easy and sharing an office with such funny and supportive people has most certainly helped me
get through the hard times, as well as make the good times that much better! When I began, my fellow
first years turned out to be a great bunch, thanks to Cat, James, and Tot for the many awesome times and
pub trips –we’ve all made it so far since wemet back in the early days. Subsequent crops of students have
also brought alongmany new friends to enjoy frequent tea, beer, and climbing sessions with: Ali, Simon,
Matt, Steve, Ruth, Amy, Ollie, Mehdi, Rishi, just to name a few. I’m sure you’ll all make it to the other
side too; very soon for some of you!
Many of the group’s old students and postdocs have equally been a hugely helpful and friendly pres-
ence over the years: Jamie, Benoit, Martin, Hannah, Gabriele, Erik, Matt and Licia, thanks to you all for
proving that there is life after a PhD!
I should not forget to thank the Landrockers past and present for being such great folks to share a
house with. Good luck with the future, wherever your adventures take you!
I also want to deeply thankmy small ka-tet for their support and friendship over the last fewmonths;
just imagining what would have been left of my sanity if you two hadn’t been around is quite terrifying.
Finally, I owe an impossible amount to my parents and brothers, who have now seen me through
another chapter of my life.
Thank you all, these years have been some of the best.
13
14
1
Introduction
1.1 Overview
Over the past two decades, the detection of planets outside our solar system has captivated the imagina-
tion, both of planetary scientists and astronomers, as well as the general public. With the ultimate goal
being to find another place like home in theUniverse, one cannot help but be inspired. The rate of discov-
ery has been tremendous: since the first extra-solar planets were detected around a pulsar [Wolszczan and
Frail, 1992], over 1890 planets have been confirmed (see The Extrasolar Planets Encyclopaedia [Schneider
et al., 2011]), up from only around 600 when I began my PhD in October 2011.
Due to the extreme radiation environment in proximity to a pulsar, the first exoplanets discovered in
the early 1990s could never harbour life as we know it. Therefore, the race for exoplanet detections only
really got going a few years later, when radial velocity measurements began, allowing for the discovery of
planets around Sun-like stars. These detections were biased towards large planets, orbiting close to their
host stars – so-called Hot Jupiters. The semi-major axis of the orbit of this type of planet is smaller than
0.05 AU, with an orbital period of less than 4 days and a surface temperature in excess of 1000K [Seager
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Figure 1.1: Mass versus semi-major axis of known planets. Diﬀerent symbols indicate diﬀerent detecঞon methods. Black ﬁlled circles
indicate solar system planets, and the blue ﬁlled circle is the Earth. Adapted by permission from Macmillan Publishers Ltd: Nature,
Pepe et al., copyright 2014.
and Deming, 2010].
The sheer variety of exoplanets has been one big surprise of this endeavour. If one considers the plan-
ets in our solar system, just two or three categories can be distinguished: rocky (or telluric) planets close to
the Sun: Mercury, Venus, the Earth andMars; and gas giant planets further out: Jupiter, Saturn, Uranus
andNeptune, the last two of which can be classed as ice giants. The telluric planets are mainly composed
of rock with thin atmospheres; whereas gas giants are much more extended and made up principally of
gaseous hydrogen and helium with liquid metal cores. In ice giants, the hydrogen and helium compo-
nents only make up the outer layer of atmosphere, the bulk of the planet being mainly composed of
water, ammonia andmethane ices. At the dawn of exoplanetary research, it was thought that this pattern
of rocky planets close to the star and gas giants further out would be repeated elsewhere in the galaxy.
However, a look at the distribution of planet mass with orbital distance of the planets detected so far,
plotted in Fig. 1.1, shows that exoplanets of all masses have been found at all orbital distances, wherever
technically possible to do so with current detection methods.
Planets with masses down to a fewM⊕ (Earth mass) have been detected by the transit method (see
Fig. 1.1). A transit occurs when the alignment of the planet’s orbit is such that the planet passes between
us and its star, as shown in Fig. 1.2. By observing transits, it is possible to characterise an exoplanet’s
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Figure 1.2: Schemaঞc of a transiঞng exoplanet and potenঞal follow-up measurements. The primary eclipse is also called a transit.
Extracted from Seager and Deming [2010], by permission from Annual Reviews.
atmosphere. Indeed, in performing observations at different wavelengths during the planet’s orbit, a
transmission spectrum (primary transit) and an emission spectrum (secondary transit) can be obtained
for the atmosphere of the planet, giving access to information such as composition, albedo and temper-
ature [Pepe et al., 2014]. However to perform spectroscopic observations, one needs both a deep transit
(large planet radius with respect to the stellar radius) and a planetary atmosphere with a large scale height,
meaning that it is very extended. Therefore it isHot Jupiter atmospheres that have beenprobed in the vast
majority of cases, notably HD209458b [Charbonneau et al., 2002], HD189733b [Lecavelier des Etangs
et al., 2010] andWASP-12b [Fossati et al., 2013]. Elements such as Na, H, C, O, and Si have been detected
[Charbonneau et al., 2002, Vidal-Madjar et al., 2003, 2004, Linsky et al., 2010], as well as molecules like
H2O [Tinetti et al., 2007], CH4 [Swain et al., 2008], and CO [Snellen et al., 2010]. The presence of
high-altitude atmospheric haze has also been inferred from transmission spectra [Sing et al., 2011]. In all,
spectra have been obtained for over 50 Hot Jupiter atmospheres [Madhusudhan et al., 2014], although,
more recently, transit spectroscopy has also been carried out on the atmosphere of the Hot Neptune
GJ436b [Stevenson et al., 2010, Kulow et al., 2014], as well as the Super Earth GJ1214b [Désert et al., 2011,
Berta et al., 2011, Kreidberg et al., 2014]. A Hot Neptune is a planet of size comparable to a solar system
ice giant (mass between 10 and 30M⊕ and radius between 1 and 5 R⊕ – Earth radii) but far warmer,
with an equilibrium temperature of order 600 to 1200 K; Super Earths are defined as planets with a mass
between 1 and 10M⊕ [Madhusudhan et al., 2014].
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GJ436 andGJ1214 are bothM-dwarfs, low-mass stars that are smaller and cooler than the Sun. Current
observing efforts are increasingly being focused on low-mass M-dwarf and K-dwarf stars. Indeed, the
observational advantages of planets orbiting small stars aremultiple. First of all, this results in an increase
of the luminosity, mass and size ratios between the planet and its host star (as compared with the same
planet orbiting a larger, G type star like the Sun). Additionally, The Habitable Zone* (HZ) is located at
smaller orbital distances from a cooler star [Kasting, 1993], which increases chances of detecting habitable
worlds. On topof this,M stars are themost common star type in our galaxy so there are plenty of available
targets.
The current generation of planet-hunter surveys, such as CoRoT (Convection Rotation and plane-
taryTransits), Kepler, andWASP(WideAngular Search forPlanets) using the transitmethodandHARPS
(High Accuracy Radial Velocity Planet Searcher) using radial velocity measurements, have been highly
successful at discovering new planets. With combined radial velocity and transit observations of an exo-
planet, one can constrain its mass and radius. Follow up spectroscopic observations on transiting planets
with space-based observatories like HST (Hubble Space Telescope) or Spitzer allow atmospheric char-
acterisation of the atmosphere. In future, atmospheric characterisation of Super Earths will be possible
with new observatories such as the James Webb Space Telescope (JWST).
Another novel approach to further our understanding of exoplanetary atmospheres is to measure
radio signals resulting from magnetosphere-ionosphere coupling in the high magnetic latitude regions
[Nichols, 2011]. Such signals may possibly be measured with current generation radio telescopes, like the
Low-Frequency Array for Radio Astronomy (LOFAR), although these observations have yet to succeed.
Prediction of these signals requires knowledge of ionospheric electrical conductivity, a quantity which is
obtained through modelling of the ionosphere.
The goal of the work described in this thesis is to construct a new 1D ionospheric model to study the
upper atmosphere of Jupiter-type exoplanets orbiting a variety of different low-mass stars. Since themost
abundant observations of exoplanetary atmospheres have taken place on Jupiter-like planets and that
future observations are set to increasingly involve planets orbiting low-mass stars, these are the planets
that my work focuses upon. The ionospheric model is time-dependent and includes photo-chemistry,
*The habitable zone is generally defined as the range of orbital distances over which an Earth-like planet could maintain
liquid water at its surface.
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and diffusive transport. I apply this model to planets orbiting low-mass stars of type G, K andM. Efforts
have been made to obtain accurate X-ray and Extreme Ultraviolet (EUV) spectral irradiance of the stars
studied.
The upper atmospheres of extrasolar planets have already been the subject of significant modelling
effort, to help interpret the scarce observations (e.g., Yelle [2004], García Muñoz [2007], Koskinen et al.
[2007a,b], Penz et al. [2008], Tian et al. [2008a,b], Koskinen et al. [2013a,b], Owen and Wu [2013]).
However, these previous studies have not examined the influence of the high energy spectral shape of
low-mass stars other than the Sun on the atmospheres of Extra-solar Giant Planets (EGPs). This work
presents a novel study of the impact of the spectral shape of low-mass, active stars on the upper atmo-
sphere of EGPs. The high-energy stellar spectra are obtained from coronal models [Sanz-Forcada and
Micela, 2002, Sanz-Forcada et al., 2003b, 2011], providing one of the most accurate descriptions available
of the spectral shape of stellar XUV (X-ray + EUV) emission (see Chapter 2). The coronal model drives
both the thermospheric model adapted to describe EGP upper atmospheres [Koskinen et al., 2013a,b,
2014] (see Chapter 3) and the ionospheric model which I have developed (see Chapter 4).
In the remainder of this introductory chapter, I provide background information on low-mass stars,
their high-energy emission and the variation of their emission over different time-scales (see Section 1.2).
I also provide background on planetary upper atmospheres, both in our solar system and further afield
(see Section 1.3).
1.2 Host stars
Energy input into planetary upper atmospheres originates almost exclusively from the planet’s host star.
The vectors of this energy flow are stellar X-ray (0.1 – 12.4 nm), Extreme Ultraviolet (EUV) and Far Ul-
traviolet photons (FUV)†, as well as energetic particles from stellar winds or magnetospheric plasmas.
In the case of the Sun, photon and particle fluxes are variable on all time-scales due to solar activity. In-
deed, the Sun is variable from time-scales ofminutes (granulation, oscillations, flares), months (sun spots,
plages/faculae) to years (solar cycle) and centuries (seeMaunderminimum) or evenmillennia. Where ob-
†Throughout this thesis, the following definitions of photon wavebands are used: X-ray (0.517 – 12.4 nm), Extreme Ul-
traviolet EUV (12.4 – 91.2 nm), Far Ultraviolet FUV (∼90 – 200 nm) (unless otherwise specified). XUV is used to refer to the
combined X-ray and EUV wavelength ranges.
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servable, other stars also exhibit similar variability [Lockwood et al., 2007]. Having response time-scales
on the order of a few minutes, ionospheres are susceptible to all these variations: Tsurutani et al. [2009]
found large increases in electron content of Earth’s ionospherewithin∼ 5minutes of a solar flare reaching
the Earth. Therefore, stellar variability plays an important role in any attempt to describe exoplanetary
ionospheres. With this in mind, the following paragraphs describe variability of the low mass stars exo-
planetary scientists are now focusing on, i.e., M, K, as well as G type stars. To begin with, Section 1.2.1
describes solar cyclical variability over different timescales. Section 1.2.2 deals with the case of the impul-
sive, sudden release of energy during flares. I will then focus on the evolution of solar radiation over the
course of the Sun’s main sequence lifetime by describing the Sun in Time program, in Section 1.2.3. Fi-
nally, I shall discuss variability in other stars in Section 1.2.4. See also Chapter 2, where I conduct a study
of the evolution of the solar XUV irradiance over different timescales.
Note that over the course of this thesis, I will often refer to ‘solar-type’ or ‘Sun-like’ stars. These terms
mean various things in the literature, but I will only use them to mean typical G2 main-sequence stars of
similar age to the Sun. Essentially, stars that have a similar XUV spectral irradiance to the Sun, both in
absolute flux levels and spectral shape.
1.2.1 Solar magnetic activity
The Sun is inherently a variable star: changing sunspot numbers have been observed for centuries to
follow an 11-year cycle and as our observational capabilities have improved since the beginning of the space
age, variations on many different time-scales have also been measured. Images of the solar atmosphere
show that the solar disk is far from homogeneous but displays a number of dynamic features, most of
which can be linked to a single origin: the Sun’s magnetic field – notable exceptions being granulation
(due to convective cells) and oscillations (principally due to acoustic waves). Inhomogeneities linked to
the presence of heightenedmagnetic flux are called active regions: sunspots, faculae, plages and network.
These appear as either brighter or darker than the surrounding quiet Sun, dependingmainly on their size
and position on the solar disk, as well as the wavelength of observation.
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Figure 1.3: Top: Images of the solar disk at diﬀerent wavelengths, corresponding to diﬀerent layers of the solar atmosphere, taken on
10 January 1992. Coronal X-ray emission is seen on the le[; Ca II K chromospheric emission in the middle and visible light from the
photosphere on the right. Magneঞc ﬂux tubes are responsible for the inhomogeneiঞes in emission that are visible in these images.
Boom: (a) Temperature (T) and mass density (ρ) proﬁles in the solar atmosphere. (b) Solar spectral irradiance spectrum, the shaded
area represenঞng the ﬂux level at the surface of the Earth. Extracted from Lean [1997], by permission from Annual Reviews.
Solar atmosphere
The part of the solar spectrum which deposits its energy in planetary upper atmospheres ranges from
∼ 0.1 to∼ 200nm[Schunk andNagy, 2000]. Over thiswavelength range, as canbe seen inFig. 1.3(b), the
spectrum is principally composed of emission lines, originating in the hottest and most tenuous regions
of the solar atmosphere – from the upper chromosphere to the corona (see Fig. 1.3(a)). The black body
continuum, originating in the photosphere andwhich dominates in visible radiation is negligible at these
shortwavelengths. Emissions from all layers of the solar atmosphere are highly influenced by the presence
of active regions. Indeed, the magnetic flux tubes that make up sunspots, faculae and network permeate
every layer of the solar atmosphere, expanding in size as they reach higher altitudes.
Sunspots are dark regions of the photosphere, where highmagnetic flux inhibits upward energy flow
from the convective zone beneath, lowering their temperature, as compared to the surrounding photo-
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Figure 1.4: Image taken by SDO of the solar photosphere, showing acঞve region 1339 taken on 3 November 2011, comprising dark
sunspots and emission-enhanced faculae.
sphere. This renders them bolometrically darker than the rest of the photosphere by about 67% [Lean,
1991]. On the other hand, regions of dispersed high magnetic field which are brighter than their sur-
roundings are called faculae (when observed in the photosphere) or plages (in the chromosphere). Fig. 1.4
depicts a sunspot group surrounded by bright faculae. These are not the only regions that are brighter
relative to the quiet Sun. Indeed, whereas faculae are large, spatially coherent bright regions, generally as-
sociated with prominent active regions (such as the bright patches clearly visible in Fig. 1.4), one can also
observe dispersed remnants of faculae, spread over the entire solar disk – these are often termed network.
Fundamentally, all these features of the solar atmosphere are very similar – all are regions of bundled
magnetic flux tubes. The difference in contrast between them is due to several factors, as explained by
Fligge and Solanki [2000]. Heightened magnetic fields inhibit the convection of heat from the solar
interior, which has a cooling effect. However, an increase in magnetic pressure inside a flux tube must
be balanced by a reduction in the static gas pressure with respect to the surrounding solar atmosphere.
Lower gas pressure means that deeper layers of the Sun are visible and as temperature in the convection
zone rises with increasing depth (see Fig. 1.3 (a)), thewalls of the flux tube are hotter than the surrounding
Sun. If the flux tube is small enough, or viewed at an angle such that it ismainly thewalls that are observed
(i.e., located towards the solar limb), then it will appear brighter than its surroundings – this is the case
for faculae and network. If it is too large for this heating to compensate the cooling effect of inhibited
convection, then the feature will appear dark, as is the case for sunspots.
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Changes in solar irradiance over a solar cycle
At activitymaximum, active regions of heightenedmagnetic flux appearmuchmore frequently in the so-
lar atmosphere. The net effect of an increase in number of these features is a slight overall increase in the
Total Solar Irradiance (TSI), which is the integrated solar irradiance over all wavelengths. This increase
is only slight since the dark sunspots are roughly balanced by bright faculae and network. The princi-
pal contributor to long-term variability over a solar cycle is the network, whereas on shorter timescales,
the interplay between dark sunspots and bright faculae sailing across the solar disk is the main cause of
changing irradiance [Worden et al., 1999].
The variability is by nomeans uniform inwavelength, shorter wavelengths beingmuchmore variable
than longer wavelengths. Indeed, whereas there is an increase of∼ 0.1% in TSI between solar minimum
and maximum [Fligge and Solanki, 2000, Ball et al., 2012], during solar cycle 23, in the X-ray and EUV
wavelengths, there was an increase in irradiance of 100 ± 30% [Lean et al., 2011]. This is because the
highest layers of the solar atmosphere, which are the hottest and least dense, are the most susceptible to
varying magnetic fields. And since, broadly speaking, more energetic emissions originate from higher
altitudes, they are subject to the most variability, as shown in Fig. 1.5(b).
Additionally, different layers of the solar atmosphere, and thus their emissions, are more or less sen-
sitive to different types of active region. Indeed, bright active regions are much brighter when observed
at shorter wavelengths. Faculae are typically a few percent brighter than the surrounding photosphere,
whereas plages aremultiple factors brighter than their surroundings: around a factor of 2 atλ = 200 nm,
reaching orders of magnitude in the EUV and shorter wavelengths [Vernazza and Reeves, 1978, Cook
et al., 1980]. Therefore, as pointed out by Lean [1991], atλ < 200 nm, irradiance variability due to plages
is at least an order of magnitude greater than that due to sunspots.
Changes in solar irradiance over a solar rotation
The 27-day solar cycle is due to the rotation of the Sun as well as the birth, evolution and death of active
regions. Indeed, active regions have lifetimes of 1 – 3 months, so the interplay between darkening by
sunspots and thebrighteningby faculae appears convolvedwith solar rotation. Thus, changes in solar flux
can be quite different from one rotation to another, both in terms of amplitude and of length [Donnelly
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havior, shown in this figure, may have been unusually regular 
and benign. 
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The approximate amplitude of the Sun's spectral ir- 
radiance variation from the maximum to the minimum 
of the 11-year activity cycle is also shown. The varia- 
tions at •, < 300 nm (solid line) were derived from 
satellite observations during solar cycle 21. The varia- 
tions at longer wavelengths (dotted line) were deter- 
mined from knowledge of the solar cycle variation in 
the fraction of the Sun's disc covered with active re- 
gions and of their contrasts (shown in Figure 11 and 
discussed further in section 3.2). The dashed line in- 
dicates the variation during solar cycle 21 of the total 
(spectrally imegrated) irradiance. Note that solar cycle 
variations at wavelengths from 1100 to 3500 m are 
predicted to be out of phase with solar activity, with a 
maximum negative amplitude of--0.03% at 1400 nm. 
Figure 1.5: (a) Solar spectral irradiance at solar minimum compared with the spectral irradiance of a 5770 K black body. (b) Variability in
the amplitude of the solar spectral irradiance between maximum and minimum of the 11-year solar cycle. Reproduced with permission
from John Wiley & Sons, Inc., copyright 1991 [Lean, 1991].
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et al., 1985]. In addition, rotationalmodulation is also affected by the phase of the solar cycle, highly active
regions appearing more often at solar maximum.
1.2.2 Flares
Solar flares are impulsive events, characterised by a “sudden release of magnetic energy by reconnection”
[Benz, 2008]. Photons emitted during these events are observed over the whole spectral range (from
gamma rays to radio waves) and increased photon rates from a flare typically last for a few hours. Flares
have a large effect on planetary ionospheres. Indeed, at Earth, as a consequence of increased EUV flux,
Tsurutani et al. [2009] estimated that total electron content‡ (TEC) in the subsolar region can increase by
up to 30% over time-scales of a fewminutes, whereas Haider et al. [2009] measured a TEC enhancement
in the E-region ofMars’ ionosphere by factor of 6 during a flare on 13thMay 2005. Mendillo et al. [2006]
measured enhancements in the ionosphere of Mars of up to 200 % during a flare in April 2001.
Most intense flares are associated with Coronal Mass Ejections (CMEs), which can propel vast quan-
tities of energetic particles towards the Earth, causing further ionisation in the Earth’s ionosphere a few
days after the flare event. This occurs when the Inter-plantetary Magnetic Field (IMF) faces southward
and magnetic reconnection can occur on the dayside. As a consequence, charged particles are acceler-
ated along the planet’s field lines towards the polar regions, during what is known as the Dungey cycle
[Dungey, 1961, 1963]. Because of this, impact-ionisation mainly affects polar regions.
Variations in flux over the course of a solar flare are plotted for a few specific lines in Fig. 1.6. It can
be seen that different lines peak at different times. The flare event can be decomposed into phases, as
described byWoods et al. [2011] – an impulse phase during which there are significant non-thermal emis-
sions, followed by a gradual phase, characterised by thermal signatures. Emissions from different parts of
the spectrum dominate at different phases of the flare. For example, transition region emissions, like the
He II 30.4 nm, line peak during the impulse phase, whereas hot coronal lines, such as Fe XX / Fe XXIII
13.3 nm lines peak during the gradual phase. Many of the other EUV emissions peak a few minutes after
this as post-flare loops reconnect and cool [Woods et al., 2011]. Some emission from the corona is subject
to coronal dimming, such as the Fe IX 17.1 nm line. Coronal dimming is a reduction in brightness in the
‡The total electron content is the number density of electrons integrated over an altitude column in the ionosphere.
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Figure 1. Flare variations for the C8.8 flare on 2010 May 5. The relative
irradiance (Rel. Irr.), being the solar irradiance spectrum minus the pre-flare
spectrum, represents well the flare variations over its different phases. The
transition region He ii 30.4 nm emission highlights the impulsive phase. We
assume that GOES X-ray defines the gradual phase, and the hot corona Fexx/
Fe xxiii 13.3 nm emission behaves almost identically as the X-ray. The cool
corona Fe ix 17.1 nm emission is the EUV emission with the largest amount of
coronal dimming after the impulsive phase. The warm corona Fe xvi 33.5 nm
emission has its first peak a few minutes after the X-ray gradual phase peak and
then has a second peak many minutes later. The change in slope of the GOES
X-ray during the gradual phase is indicative of the late phase contribution
(second Fexvi peak). The four vertical dashed lines, left to right, are for spectra
in Figure 2 of the pre-flare, main phase, coronal dimming, and EUV late phase.
a few minutes before the X-ray peak and sometimes a second
peak soon after the X-ray peak corresponding to post-flare loop
reconnections. This emission sometimes does not exhibit an
impulsive phase contribution and just has enhancements during
the post-flare loop reconnections. Based on the timing of the
He ii peak, 55% of the flares in our sample had a strong impulsive
phase. The impulsive phase is important for a myriad of
space weather applications because of its indication of the start
of the flare event and the possibility of highly energetic radiation
and particles that can be created during the impulsive phase. The
energetic radiation can include the non-thermal bremsstrahlung
radiation (HXR) and sometimes gamma rays that reach Earth
in eight minutes. Furthermore, the brighter flares are sometimes
associated with solar energetic proton events that reach Earth
in a few hours and CME events that reach Earth in a couple of
days.
The Fexx/Fe xxiii 13.3 nm emission represents the hot
corona at 10–16 MK, and this emission behaves very similar
to the GOES X-ray time series and represents well the flare’s
gradual phase. This emission is an excellent proxy for the
SXR and vice versa. The gradual phase is characterized as the
chromospheric evaporation resulting from the initial heating
caused during the impulsive phase. The intense increase in
SXR and EUV radiation in the 0.1–15 nm range during the
gradual phase, as shown in Figure 2(b), is important for
space weather applications as they are energetic enough to
quickly enhance the ionization in Earth’s upper atmosphere
(80–300 km). Furthermore, the gradual phase typically lasts
for many minutes to even hours and thus impacts Earth’s
atmosphere for a longer period of time than the impulsive phase.
A third EUV emission included in Figure 1 is the
Fe ix 17.1 nm emission that represents the cool corona at
(a)
(b)
(c)
(d)
Figure 2. Flare spectral variations from the EVE MEGS-A channel (6–37 nm)
for the C8.8 flare on 2010 May 5. Panel (a) shows the pre-flare spectrum.
Panels (b)–(d) show the variability between the pre-flare irradiance and the
main phase, coronal dimming, and EUV late phase, respectively. These results
used five-minute averages taken at the times indicated in Figure 1 as vertical
dashed lines.
0.7 MK. If there is coronal dimming, then the Fe ix through
Fexiv emissions usually show it. For this example flare in
Figure 1, the Fe ix emission has a large decrease as shown
in Figure 2(c). The decrease of the Fe ix coronal emission
starts near the peak of the impulsive phase, and this emission
usually reaches its minimum after the peak of the Fexx/Fe xxiii
emission and sometimes not until after the first peak of the
Fexvi 33.5 nm emission, as is the case in Figure 1. The du-
ration of the coronal dimming can be a few hours to a day or
so (Rust 1983; Sterling & Hudson 1997; Reinard & Biesecker
2008). The Fe ix emission showed coronal dimming for 22% of
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Figure 1.6: Variaঞon during the C8.8 ﬂare of 5 May 2010. Top: X-ray ﬂux from the GOES satellite (measured over 0.1 -- 0.8 nm range).
Boom: Line ﬂuxes from a few representaঞve coronal Fe lines: in order of alঞtude of emission in the corona, these are Fe IX 17.1 nm, Fe
XVI 33.5 nm, Fe XX 13.3 nm. Also shown is the He II transiঞon-region line at 30.4 nm. Reproduced with permission from the American
Astronomical Society (AAS) and TomWoods, copyright 2011 [Wo ds et al., 2011].
lower corona, which is often caused by a decrease in density due to escapingmaterial. Note that not all of
these phases are present in all flares. Coronal dimming, for example, is thought to be indicative of CMEs,
which do not occur each time there is a flare event.
An interesting feature pointed out byWoods et al. [2011] that shows up in the solar spectra from the
recently launched Solar Dynamics Orbiter (SDO) is an EUV late phase. This is the presence of a second
peak in warm coronal emissions (such as Fe XVI, represented in green in Fig. 1.6 (bottom)) a few hours
after the main spike in emission. This secondary peak does not show up in X-rays, in measurements by
the Geostationary Operational Environmental Satellite (GOES) – see Fig. 1.6 (top) – which is the main
instrument used to characterise solar flares, and so had not been detected prior to the SDO mission.
Late phase emissions in the EUV are not insignificant: Woods et al. [2011] estimated that they could
increase the total EUV irradiance variation during a flare by 40%. Consequently they have the potential
to significantly increase ionisation in planetary ionospheres and so merit further study.
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1.2.3 Sun in Time
Planetary atmospheres evolve over the course of millions and billions of years, so as well as considering
short-term variations to their energy input, it is also important to acquire an understanding of how the
Sun has changed over the course of its 4.6Gyr history as a main sequence star. The ‘Sun in Time’ project
was set up in the 1990s to study a series of solar analogues of ages varying from 0.1 to 7Gyr [Ayres, 1997,
Ribas et al., 2005, Güdel, 2007]. These solar analogues provide an insight into the workings of the solar
dynamo, as well as into the magnetic and radiative evolution of the Sun over the entire main sequence
life. Relevant to this work is the second of these objectives.
Despite the observations of a turbulent and dynamic solar atmosphere, spewing out huge bubbles of
charged particles during CMEs, the present-day Sun is not a very active star. However, in its past it was
much more magnetically active. As discussed in Sections 1.2.1 and 1.2.2, magnetic activity is responsible
for much of the high-energy emissions and their variability. Low-mass stars arrive on the main sequence
with a large amount of residual angular momentum from their formation. The Sun’s rotation is directly
responsible for its magnetic field, generated by a large-scale dynamo. As the star ages, it spins down,
losing its angular momentum through frozen-in magnetic field in the solar wind; and thus becoming
less magnetically active (see Fig. 1.7). Therefore, the radiation environment for early solar system planets’
atmospheres would have been much harsher than today [Ayres, 1997].
So the youngSun’s high energy,magnetically driven emission linesweremuch stronger than atpresent,
even though the current day Sun is bolometrically brighter by about 30% than when it entered the main
sequence [Güdel, 2007]. Furthermore, the decay of emission strength in time is dependent on the forma-
tion temperature of the line, as shown in Fig. 1.8: harder emissions formed at higher temperatures decay
faster. X-ray emission has decayed by a factor of ∼ 1500 − 2000 and FUV emission by around ∼ 25
[Güdel, 2007].
1.2.4 Stellar variability
In Sections 1.2.1 – 1.2.3, I have discussed how emissions from our own star vary with time, but howmuch
of what has been learnt about the Sun can be applied to other stars?
Activity cycles have been observed on other stars. In particular, in the context of the ‘Sun in Time’
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Figure 1.7: Stellar rotaঞonal velocity versus age for solar analogues. Square symbols represent observaঞons from the IUE + ROSAT
campaign ``RIASS" and circles are far-UV measurements from HST/FOS for which ROSAT pointed observaঞons have been obtained.
The heavy dashed power law is a ﬁt to ages from solar age to∼ 0.5Gyr. The doed curve shows hypotheঞcal evoluঞon of iniঞally
slowly rotaঞng Zero Age Main Sequence stars. Reproduced with permission from John Wiley & Sons, Inc., copyright 1997 [Ayres,
1997].
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Figure 19: Left (a): Power-law decays in time for various spectral ranges, normalized to the present-
day solar flux. Note that the hardest emission decays fastest (from Ribas et al., 2005, reproduced
by permission of AAS). Right (b): Flux decay slope (given as its absolute value) as a function
of formation temperature of the respective line; each cross marks one emission line reported in
Table 5.
The power laws steepen monotonically with decreasing wavelength, i.e., with increasing tem-
perature (or roughly, height) of the atmospheric layer. The steepest decay is seen in the luminosity
of the hot corona, with F / t 1.929 , while for the ultraviolet transition-region spectrum, F / t 0.859 .
These power-laws are compared in Figure 19a after normalization to the present-day solar fluxes.
For individual lines, the steepness of the decay,   in Equation 17, is compared in Figure 19b for a
wide range of line formation temperatures. A fit to   as a function of formation temperature gives
    =  0.46 + 0.32 log Tmax. (18)
Although the photospheric bolometric luminosity of the Sun has steadily increased during its
MS life, starting at a level approximately 30% lower than today, the magnetically induced radiation
from the outer atmosphere has steeply decayed during the same time, by factor of ⇡ 1500 – 2000 for
coronal X-ray emission and a factor of ⇡ 25 for the FUV spectral region. The total XUV emission
decayed by a factor of ⇡ 100. A summary of the enhancement factors at various stages of the
solar past compared to the contemporaneous Sun is given in Table 6. Given the ionizing power of
some of this radiation and the importance of UV radiation for line excitation, this emission must
have had profound consequences for the environment of the young Sun, most notably circumstellar
disks and planetary atmospheres. This will be discussed in Section 6.5 and 7.2. As an example,
(see Ribas et al., 2005), for EK Dra, the luminosity of the C iii  977 line alone exceeds the entire
integrated luminosity of the present-day Sun below 1200  .
This “softening” of the spectral irradiance in time is illustrated in Figure 20 where the entire
spectral irradiance from 1 – 3500 A˚ (except the strongly absorbed EUV range) is shown for various
solar analogs. While the UV flux varies moderately and mostly due to emission lines (Figure 21),
the EUV and X-ray level drops dramatically along the MS evolution.
An alternative illustration is provided by the luminosity-luminosity diagram in Figure 22 in
which the relation between normalized coronal X-ray and transition-region UV emission is shown
for solar-like stars. The two emissions follow a power-law with a slope of 1.9, indicating that toward
higher activity levels, X-rays increase more rapidly than UV fluxes (Ayres, 1997).
Living Reviews in Solar Physics
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Figure 1.8: Le[ (a): Power-law decays in ঞme for various spectral ranges, normalized to the present-day solar ﬂux. Filled symbols
represent measurements, whereas open symbols are inferred ﬂuxes derived from power laws for wavelength intervals with no available
observaঞons. Note that the hardest emission decays fastest. Reproduced with permission from the American Astronomical Society
(AAS) and Ignasi Ribas, copyright 2005 [Ribas et al., 2005]. Right (b): Flux decay slope (given as its absolute value) as a funcঞon of
formaঞon temperature of the respecঞve line; each cross marks one emission line. Reproduced from Güdel [2007].
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Fig. 2. Log(ωcyc/Ω) vs. age for the program stars. Symbols have the
same meaning as in Fig. 1. The observed range in the primary cy-
cles of single stars monotonically decreases from Pleiades age to the
Sun’s age.
including numerous flares. More recently, EK Dra has been ob-
served with HST, Chandra and FUSE as part of this project.
2.5. HD206860 = HN Peg
HN Peg (V = +5.94, B−V = +0.59, Prot ≃ 4.64d) is a G0V star
with constant radial velocity Vr = −17.0 km s−1 (Gaidos et al.
2000). On the basis of age-rotation relashionships, it is a likely
member of the Ursa Major moving group with an estimated
age of ≃300 Myr. Its photometric variability was discovered
by Blanco et al. (1972, 1979). It was photometrically observed
by Reglero et al. (1986), Frasca et al. (2000), Gaidos et al.
(2000) and Hipparcos. HN Peg has a CaII chromospheric cycle
of Pcyc = 6.2 yr and a longer-term trend (Baliunas et al. 1995).
Within The Sun in time project it was observed by ASCA as
part of Guest Observer program (Guedel et al. 1997) and also
with IUE and EUVE.
2.6. HD82443 = DX Leo
DX Leo (V = +7.01, B − V = +0.76, Prot ≃ 5.42d) is a sin-
gle K0V star with constant radial velocity Vr = +8.2 km s−1
(Gaidos et al. 2000). On the basis of its galactic space-velocity
components it is classified as a member of the Pleiades mov-
ing group with an estimated age of ≃130 Myr. Its photomet-
ric variability was discovered as part of the The Sun in time
project (Guinan & McCook 1991). It has been observed pho-
tometrically by Henry et al. (1995) who first reported a pe-
riod of P = 5.43d. DX Leo has been observed also by Gaidos
et al. (2000), Strassmeier et al. (1997, 1999) and by Hipparcos.
The presence of a starspot cycle and of surface diﬀerential
rotation were first inferred by a previous study based on the
first ten years of the current photometric monitoring (Messina
et al. 1999). Within theHK project DX Leo was found to show
a CaII chromospheric activity cycle of Pcyc ≃ 2.8 yr (Baliunas
et al. 1995).
Fig. 3. The amplitude of the overall V-band variability is plotted vs.
log(R−10 ). Continuous line represents a cubic fit to the data. The ampli-
tude is computed as the diﬀerence between the brightest and faintest
observed magnitudes. In the case of EK Dra (D) the filled dot denotes
the only cycle amplitude, while the asterisk denotes cycle amplitude
plus longer-term trend.
3. Observations
3.1. New photometry
The new photoelectric observations presented in this pa-
per were obtained, from 1988 through 2000, with three dif-
ferent Automatic Photoelectric Telescopes (APTs): a) the
0.25-m T1 Phoenix APT of Fairborn Observatory in southern
Arizona and managed as multiuser telescope (Boyd et al. 1984;
Seeds 1995); b) the 0.75-m T5 APT; c) the 0.75-m T6 APT
telescopes both operated at the Fairborn Observatory (AZ,
USA) for Villanova University, as part of the Four College
Consortium1.
The observations were made in the years from 1988 to
1989 by the 0.25-m Phoenix telescope equipped with stan-
dard Johnson UBV filters and feeding an uncooled 1P21 pho-
tomultiplier. In 1990 the program stars were transfered to the
Fairborn T5 and T6 APTs equipped with standard UBV(RI)C
filters matching the Johnson-Cousins system (Bessel 1990)
and feeding temperature controlled EMI-9828 photomultipli-
ers. EKDra and HN Peg were observedwith uvby filters match-
ing the Stro¨mgren system (Stro¨mgren 1966).
All the observations were made diﬀerentially with respect
to suitable comparison (c) and check (ck) stars (Table 2). Ten-
second integrations were used in each filter and the observing
sequence n-c-ck-c-v-v-c-s etc., where the symbol v denotes the
program star and n the bright navigation star, which is the first
star of the sequence the APT searches. The sky background (s)
was measured at a fixed position near each star.
The observations were corrected for sky-background and
atmospheric extinction and the instrumental diﬀerential magni-
tudes were transformed into the standard photometric systems.
1 In early 1996 the T6 telescope was acquired by the University of
Vienna. In late 1996 all the telescopes operated by Fairborn were relo-
cated from Mt. Hopkins, AZ close to Washington Camp (AZ, USA).
Figure 1.9: Amplitude of the overall V (visual) band variability as a funcঞon of log(R−10 ). R0 is the Rossby number, which is the raঞo
of the rotaঞon period of the star and its convecঞve turnover ঞme. Each point labelled A to H represents a star of G-type (labels A to
E) or K-type (labels F to H). The amplitude is computed as the diﬀerence between the brightest and faintest observed magnitudes. In
the case of EK Dra (star D) the ﬁlled dot denotes only the cycle amplitude, while the asterisk denotes cycle amplitude plus longer-term
trend. The conঞnuous line represents a cubic ﬁt to the data. Credit: Messina and Guinan, A&A, 393:225--237, 2002, reproduced with
permission © ESO.
project,Messina andGuinan [2002]measured photometric variations in solar analogues and found activ-
ity cycles in all of them. They found that the amplitude of photometric variations increases with rotation
rate (see Fig. 1.9), as does the period of activity cycles.
TheMountWilson project measured the chromospheric activity of 111 F toM type stars, discovering
activity cycles in many of these stars [Baliunas et al., 1995]. The results of his project for low-mass G and
K type stars agree with those from the ‘Sun in Time’ project for solar analogues: younger stars are more
active, with higher rotation rates, whereas old stars display lower activity levels and rotation rates. Some
of the older stars (around the age of the Sun) do not have any detectable activity cycles and are presumed
to be inMaunder minimum phases.
Lockwood et al. [2007] used the Mount Wilson data, amongst others, to also show activity cycles,
as well as discussing another interesting feature of the dataset: not all stars show a positive correlation
between activity and TSI, as in the solar case. Indeed, younger, more active stars actually become fainter
at the maximum of their activity cycles – these are called spot-dominated stars. Older stars, like the Sun
are faculae-dominated. The distribution ith activity of stars s udie byL ckwood et al. [2007] is shown
Fig. 1.10. It can be seen that the Sun is very close to the middle line between faculae-dominated and spot-
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variability (young stars). For stars with log R0HK there is a rela-
tively well-defined increase in the amount of photometric vari-
ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
plotted using inverted triangles.
Left of the Sun’s location on this diagram there is considerable
scatter, which we attribute mainly to the poorly known level of
photometric activity of these stars rather than to an astrophysi-
cally meaningful effect.
This figure, which we consider a key exhibit in the morphol-
ogy of stellar variability for the Sun and its analogs, raises an
interesting question. Is the Sun’s location, just slightly above the
dividing line, fixed for historical time or could it shift around a
bit? Certainly, during the three solar cycles of modern observa-
tion, there is nothing to suggest that spot activity could over-
take facular activity as the principal component of solar variability.
The answer, apart from whatever theoretical ruminations might
arise, lies in expanding the sample of stars and pushing down the
limits of estimated photometric variability as far as possible. The
answer, therefore, lies in the indefinite future.
4.5. Lessons Learned
In this section we discuss how our results might have been
improved hadwe known in 1984what we know today.We began
our survey of Sun-like field stars in 1984 with the new knowl-
edge that young F7YK2 stars in the Hyades vary at the easily
detected level of a few percent (Radick et al. 1983; Lockwood et al.
1984). This was a revelation, since Jerzykiewicz & Serkowski
(1966) had shown that stars in this spectral range, if they vary at
all, do so at levels below 0.5% on a decadal timescale. The Sun
itself, shown from spacecraft observations in 1980 to be a vari-
able star on a timescale of days (Willson et al. 1981), had yet to
reveal its minuscule cycle timescale 0.1% variation (Fro¨hlich
2003a, 2003b).
The challenge, as we perceived it in 1984, was therefore to
map out variability downward from the easily detected several-
percent range of Hyades dwarfs to whatever level our instrumen-
tation would allow. To be reasonably certain of not coming up
empty handed, we included a number of young, presumably ac-
tive stars (based on their log R0HK values) in our sample. These
rewarded us almost immediately by showing variability.
A preliminary reconnaissance of our capabilities based on ob-
servations of planetary targets (e.g., Lockwood 1977, 1981) had
Fig. 7.—Long-term (cycle timescale) photometric variation vs. average
chromospheric activity level.
Fig. 8.—Correlation between photometric brightness and HK emission var-
iations for long timescales based on 13Y20 yr of observation. (top) and 7Y12 yr
of observation from Paper II. (bottom). Many correlations are strengthened and
none of the 32 surviving stars in the longer sample show reversal in the sense of
the correlation.
Fig. 9.—Slope of the regression of photometric brightness variation on HK
emission variation, plotted as a function of average chromospheric level.
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Figure 1.10: Slope of the regression of the annual mean photometric brightness variaঞon (Delta[(b+y)/2]) over the annual mean chro-
mospheric variaঞon (Delta[S-index]), ploed as a funcঞon of average chromospheric level. The dashed line represents the separaঞon
between old stars that have faculae-dominated variability (above) and young stars with spot-dominated variability (below). Stars with
only one suitable comparison star are indicated with inverted triangles -- only an upper limit of variability has been able to be es-
ঞmated for these stars. Reproduced with permission from the American Astronomical Society (AAS) and Wes Lockwood, copyright
2007 [Lockwood et al., 2007].
dominated. Indeed, as was discussed in Section 1.2.1, over the course of a solar cycle, the brightening effect
of faculae and the darkening du to sunspots almost cancel e ch oth r out – th overall increase in TSI is
very slight.
The high-energy radiation environment of low-m ss stars as been studied in recent years. France
et al. [2013] described FUV and NUV (170 – 400 nm) radiation of a sample of 6 exoplanet-hosting M
dwarfs. All of these stars are active in UV wavelengths and have very different spectral shapes to that of
solar-like stars. Indeed, the ratio FUV/NUV is found to be around 103 times higher in M dwarfs than in
the Sun. This is due to lowerNUV fluxes in the coolerM stars, as well as higher Lymanα line intensities.
Shkolnik andBarman [2014] also studied the FUV andNUVenvironment of earlyM stars, focussing
in particular on the time-evolution of stellar irrandiances. The authors found that UV radiation remains
at a saturated level in very young stars (up to a few 100Myr) before declining as th stars age, with shorter
wavelengths underg ing faster reductions in flux levels. This is similar behaviour to what has previously
been found for solar analogues [Ribas et al., 2005] and for X-ray wavelengths in other low-mass stars
[Sanz-Forcada et al., 2011]. Shkolnik and Barman [2014] also note that X-ray and UV fluxes correlate
over a broad range of stellar activity levels.
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Linsky et al. [2014] derived scaling laws for the unobservable portion of the EUV waveband, based
on chromospheric lines, such as Lyman α. These complement the coronal model of Sanz-Forcada et al.
[2011], which is based onEmissionMeasureDistributions (EMDs) of the stellar atmospheres. The EMDs
are determined using measured intensities of stellar emission lines in the X-ray, EUV and FUV; these
are emissions emanating from the corona, transition region and chromosphere. See Chapter 2 for more
details on the Sanz-Forcada et al. [2011] coronal model, which I use in the work described in this thesis to
obtain stellar spectra.
1.3 Planetary upper atmospheres
In this thesis, by ‘upper atmosphere’, I refer to the thermosphere and ionosphere regions of a planetary
atmosphere. The thermosphere is the neutral layer located directly below the exobase§. Atmospheric lay-
ers are labelled according to temperature gradient, as shown in Fig. 1.11. The thermosphere is characterised
by a strong increase in temperature at its lower edge, followed by an isothermal region at higher altitudes.
This temperature profile is due to the absorption of ExtremeUltraviolet (EUV) andX-ray photons in this
region. Not all of the layers that exist in Earth’s atmosphere (represented in Fig. 1.11) are present in other
planets. For instance, in atmospheres that do not possess ozone (or an equivalentmoleculewhich absorbs
solarUV radiation, heating themid-atmosphere), the temperature inversion that defines the stratosphere
is not present, or is very weak. This is the case for Venus [e.g., Taylor, 2010].
The ionosphere is an ionised layer embedded in the thermosphere and mesosphere (see Fig. 1.11). In
general the fraction of plasma density compared with neutral density is low: less than 1 % for Earth and
even less for other solar system bodies. This is not necessarily so for exoplanets orbiting very close to their
host stars, as is the case for Hot Jupiters. The principal sources of ionisation in the upper atmosphere
are XUV (X-ray and EUV) photons and magnetospheric electrons, which primarily ionise atoms and
molecules in the following fashion:
• photo-ionisation: e.g., single, non-dissociative photo-ionisation
hν +M →M+ + e−
§The exobase is the altitude at which the mean free path is equal to the pressure scale height, meaning that the layer above
this altitude, the exosphere, is collisionless.
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• electron-impact ionisation: e.g., single, non-dissociative electron-impact ionisation
e− +M →M+ + 2e−
whereM is a neutral species, e−, an electron, and hν, an incoming photon. Ionised species are either
created directly through these processes or indirectly through subsequent charge transfers. The electrons
produced by photo-ionisation (called photo-electrons), and any magnetospheric electrons, as well as any
of their secondaries, will progressively give up their excess in kinetic energy through reactions such as
impact ionisation, excitation, and Coulomb collisions with thermal electrons. See Chapter 4 for more
detail on some of these processes and the specific equations that describe them.
All solar system objects with an atmosphere possess an ionosphere: the planets (all of them with the
exception ofMercury, which only has a very thin, tenuous and transient atmosphere), some giant planet
moons (e.g. Titan) and even comets when they are close enough to the Sun to sublimate [Nagy and
Cravens, 2002]. Although the same basic processes take place in all ionospheres, different atmospheric
compositions, magnetic field configurations and gravitational field strengths mean that there is a lot of
variety in their properties. It is anticipated that exoplanets possessing atmospheres also have ionospheres,
although these have never been directly observed.
Unlike for solar system giant planets, inHot Jupiter exoplanets, the composition of neutrals and ions
is strongly coupled. Indeed, increased ionisation from strong stellar radiation results in ion densities that
are comparable to neutral densities in these planets orbiting very close to their host stars. At gas giants
with larger orbital distances, such as Jupiter and Saturn, the neutral atmosphere can be assumed to be a
background which is unchanged by formation of the ionosphere.
In the following sections, I begin by describing solar system ionospheres, using the example of Sat-
urn (Section 1.3.1), before reviewing some modelling studies of Hot Jupiter type extra-solar ionospheres
(Section 1.3.2).
1.3.1 Solar system giant planet ionospheres: the case of Saturn
To probe the ionospheres of solar-system planets, a range of techniques has been developed, making use
both of ground-based observations and of measurements by spacecraft missions exploring the solar sys-
tem. Of the outer planets, Jupiter and Saturn have been themost explored. The planet Saturn, on which
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Figure 1.11: Schemaঞc of the thermal structure (le[ hand plot), ion density (middle) and neutral density (right hand plot) of Earth's
atmosphere. Reproduced with permission from Cambridge University Press, copyright 1989 [Rees, 1989].
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Figure 1.12: Averages of dawn and dusk electron density proﬁles, as measured by radio occultaঞon with Cassini at Saturn between
May and September 2005, at near equatorial laঞtudes. Reproduced with permission from John Wiley & Sons, Inc., copyright 2006
[Nagy et al., 2006].
this section is focused, has received a lot of attentionover thepast fewyears due to theongoingCassinimis-
sion. For comparative reviews of all solar system ionospheres, see for example Nagy and Cravens [2002]
andWitasse et al. [2008].
Gas-giant atmospheres are mainly composed ofH,H2 andHe; thus, the principal ions in these iono-
spheres areH+ andH+3 . Despite being the ion species produced themost through photo-ionisation, H
+
2
is rapidly transformed into H+3 . Just like at Earth, Jupiter and Saturn’s magnetic fields create a magnetic
cavity in the solar wind - a magnetosphere. However, unlike in the terrestrial case, both these planets are
rapid rotators (of period about 10hours) andhavemoons that are sources ofmagnetospheric plasma– e.g.
Io in the jovian system (for a review of Jupiter’s magnetosphere, see Khurana et al. [2004]) and Enceladus
in the kronian system (Gombosi and Ingersoll [2010] review Saturn’s atmosphere and magnetosphere).
The most useful remote-sensing tool for probing planetary ionospheres in our solar system is radio
occultation in the atmospheres of giant planets and their moons, carried out by the Pioneer and Voyager
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probes at the giant planets, Galileo at Jupiter, and the Cassini mission at Saturn. This method allows
dawn and dusk measurements of the electron density profile at a given location, such as those shown
in Fig. 1.12, which displays averages at dawn and dusk of the first published electron densities from the
Cassini mission at Saturn [Nagy et al., 2006]. There is much variation in the individual profiles that were
summed up to produce those in Fig. 1.12, even betweenmeasurements taken at the same latitude and local
time. Nevertheless, averaging observations reveals a trend of larger peak electron densities at dusk than
at dawn; additionally, the peak density is located lower in the atmosphere at dusk. This indicates a decay
in electron content during the roughly 5 hour night period (without solar irradiance, themain ionisation
process – photo-ionisation – is switched off). As molecular ions, such as H+3 have short life-times com-
pared to H+ [Moore et al., 2004], one possibility to fit the electron density observations is that there are
significant quantities of H+3 present at and below the dayside electron density peak. Models do confirm
this, generally suggesting that H+ dominates in the upper ionosphere and that around the ionospheric
density peak, H+3 dominates during the day (e.g., Galand et al. [2009],Moore et al. [2004]), as illustrated
in Fig. 1.13, where dashed lines represent the density ofH+3 . Tomatch observed electron densities, models
need to invoke the charge exchange reaction of vibrationally excited H2 with H+, which has the net ef-
fect of converting H+ ions into H+3 . Without this reaction, the predicted electron densities are too high.
However the rate of this reaction is not well measured and the proportion of vibrationally excited H2 is
also uncertain [Moore et al., 2004] – for more details on this particular reaction, see Section 4.1.3.
Subsequent Cassini observations, published by Kliore et al. [2009] reveal that electron densities in-
crease with latitude (see Fig. 1.14), which is counter-intuitive under solar illumination. This trend can
be explained by the presence of water inflow from Saturn’s rings at low latitudes. This acts as an iono-
spheric loss mechanism by transforming long-lived H+ into shorter-lived molecular ions through charge
exchange with H2 or H2O [Connerney andWaite, 1984, Moore et al., 2010]. Moore et al. [2010] are able
to determine the required amount of water influx to match the observations. Additionally, at high lati-
tudes, there is another source of ionisation, electrons precipitating from themagnetosphere (e.g., Galand
et al. [2011], Kliore et al. [2014]).
This leads us to another diagnostic technique employed to gain information about solar-system iono-
spheres: imaging of aurorae and airglow in different wavelengths: from X-ray and UV, to the visible and
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Figure 1.13: Proﬁles in alঞtude of the densiঞes of the electrons and major ion species (le[) at sunrise (0600 local ঞme), (middle) at local
noon, and (right) at sunset (1800 local ঞme) for Saturn. Reproduced with permission from John Wiley & Sons, Inc., copyright 2009
[Galand et al., 2009].
Figure 1.14: Laঞtudinal variaঞons of (top) the peak electron density, Nmax and (boom) the total electron content, TEC in units of
1012 e− cm−2. The blue dashed curve tracks the average values for each panel in 30° laঞtude bins, given by triangles, while solid
curves represent parabolic ﬁts to the full data set. Data from Kliore et al. [2009], adapted by Moore et al. [2010]. Reproduced with
permission from John Wiley & Sons, Inc., copyright 2010.
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infrared (IR). Reviews include Bhardwaj and Gladstone [2000] and Galand and Chakrabarti [2002].
In particular, near infrared emissions from the H+3 molecule have been observed both in Jupiter [e.g.,
Drossart et al., 1989, Baron et al., 1991] and Saturn’s [e.g., Rego, 2000, Stallard et al., 2008a] auroral re-
gions. In the case of Saturn, its emissions have been used tomeasureH+3 abundance and the temperature
of the layer of atmosphere where it is located. Melin et al. [2007] found that, using ground-based obser-
vations from 1999 and from 2004, the H+3 ion temperature at Saturn is 400± 50K and that there was a
large increase inH+3 column density between the two observations, resulting in nearly an order ofmagni-
tude increase in emission. It is also possible tomeasure ionwind speeds [Stallard et al., 2007a,b], allowing
the study of connections between the ionosphere and magnetosphere by determining departures from
co-rotation of different parts of the auroral regions.
Recently, O’Donoghue et al. [2013] found more evidence for water flow from Saturn’s rings into the
ionosphere. They observed sharp latitudinal structure inH+3 emissions in the low tomid latitudes of the
planet. This structure was observed to map along magnetic field lines to regions of high and low density
of material in Saturn’s rings. H+3 is a short-lived ion and is easily destroyed by electron recombination.
The presence of water in the ionosphere has the effect of destroying H+ ions resulting in lower electron
densities and hence larger concentrations of H+3 . Therefore the pattern of H
+
3 emissions observed by
O’Donoghue et al. [2013] could be the result of an influx of water from the rings into Saturn’s iono-
sphere. Using an ionospheric model, Moore et al. [2015] were able to estimate the quantities of water
influx needed to match the O’Donoghue et al. [2013] observations.
H+3 observations have also been carried out on Jupiter, where they have been studiedmore extensively
than at Saturn. Indeed, jovian IR emissions are two orders of magnitude greater than those from Saturn
[Geballe et al., 1993]. Of notable interest is the discovery that H+3 emissions from Jupiter help to regulate
temperature. Melin et al. [2006] have shown that the cooling effect of H+3 emissions can more than
balance heating due to increased particle precipitation during an auroral event in 1998 (for reviews of the
properties of H+3 in gas giant atmospheres, see Miller et al. [2006, 2010]). This effect can potentially
act as a thermostat in exoplanetary atmospheres (see Section 1.3.2 and Chapter 3). Note that the H+3
temperature in Saturn’s atmosphere is too low for efficient cooling by this method [Müller-Wodarg et al.,
2012].
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All in all, we are only beginning to get a grip on the complexity of the gas giant atmospheres in our
solar system, with many open questions still remaining to be answered. So how can we possibly hope to
understand the atmospheres of planets in other systems, wherewewill not obtain anywhere near asmuch
observational information any time in the foreseeable future? Valuable lessons can still be learnt from
applying the experience gained and the models developed for solar system planets to a parameter space
encompassing the large variety of planetary systems that have been discovered so far. Being liberated from
somany constraints and having to deal with a huge range of different scenarios could highlight effects not
thought of yet for solar system planets.
1.3.2 Ionospheres in exoplanetary systems
Transit spectroscopy has been used to derive absorption and emission spectra of exoplanetary atmo-
spheres. The first detection of a planetary atmosphere was that of theHot Jupiter HD209248b, at which
Charbonneau et al. [2002] observed a dimming in the Na D lines during transit. The planet was sub-
sequently found to possess an extended hydrogen cloud [Vidal-Madjar et al., 2003] that is escaping hy-
drodynamically [Koskinen et al., 2010, 2013a,b]. Species such as O, C+ and Si2+ have also been detected
in its atmosphere [Vidal-Madjar et al., 2004, Linsky et al., 2010] as well as the molecules H2O, CH4 and
CO2 [Knutson et al., 2008, Swain et al., 2010, Beaulieu et al., 2010]. Other close-orbiting extrasolar gas
giants, such asHD189733b [Lecavelier des Etangs et al., 2010] andWASP-12b [Fossati et al., 2013], also pos-
sess extended atmospheres that are most likely escaping hydrodynamically, due to the extreme radiation
environments in which they are located.
Due to the relative scarcity of the data available, models of exoplanetary atmospheres are still very
much a necessity to understand the processes taking place, as well as to interpret the observations. Many
models developed for solar system planets have been adapted to study exoplanets. However, certain as-
sumptions that are made when performing atmospheric calculations on solar system gas giants have to
be carefully reconsidered. For example, due to the very high XUV radiation environment at small orbital
distances to the star (HD209458b orbits at just 0.047AU), the assumption that the major atmospheric
component does not undergo any chemical reactions may not apply. It is also unclear whether H2, H or
H+ is the dominant species in the upper atmosphere.
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Figure 1.15: Number density proﬁles (le[), and heaঞng rate and eﬃciencies (right) as a funcঞon of the raঞo between the planet
radius (Rp) and the radial distance from the planet centre (R). The solid line in the right hand plot represents the net heaঞng rate
in the atmosphere, other terms represent cooling rates by the processes indicated. Reprinted from Icarus, 170(1):167--179, Yelle, R.,
Aeronomy of extra-solar giant planets at small orbital distances, Copyright 2004, with permission from Elsevier.
Yelle [2004] developed the first detailedmodelling study of the upper atmosphere of an exoplanet gas
giant at small orbital distances (less than 0.1 AU). He constructed a globally-averaged one-dimensional
(1D) fluid model of the thermosphere. By analogy to Jupiter, it is considered that the homopause¶ is lo-
cated at the lower boundary of the calculation region,meaning that themodelled region is within the het-
erosphere. Thus, molecular diffusion is the dominant vertical transport mechanism; meaning that heavy
compounds (such as hydrocarbons and water) are confined to the lowest layers. This allows Yelle [2004]
to neglect them altogether, only consideringH,H2 andHe and their ionised states. Photo-ionisation and
atmospheric heating due to the stellar EUV flux is taken into account, and a spectrum of the Sun from
1998 is used as a substitute for the stellar spectrum. Supra-thermal electron energy deposition is not calcu-
lated in full: it is assumed that 63 %of the extra energy gained by photo-electrons during photo-ionisation
is transferred to the surrounding atmosphere.
Yelle [2004] found that even with low densities of H+3 present, IR emissions from the H
+
3 ion es-
caping to space have a significant cooling effect on the lower thermosphere, as can be seen in Fig. 1.15. It
is also found that the thermospheres of HD209458b-like planets have maximum temperatures between
10,000 and 15,000Kwhich causes a significant mass loss of 4.7× 107 kg/s. Nevertheless, this value would
not be sufficient to have an effect on the evolution of the planet, as it would mean that only 10−3 of
¶The homopause is the boundary between the lower part of the atmosphere where turbulent mixing is dominant – called
the homosphere – and higher up in the atmosphere, where molecular diffusion dominates – this is the heterosphere.
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largely determine the ½Oþ#=½O# ratio as a function of the
level of ionization of the atmosphere. This explains that Oþ
and Hþ become the respective major forms of oxygen and
hydrogen at a similar altitude.
4.2. Nearly solar and solar amounts of heavy elements: the
DIV1 and DIV10 cases
Figs. 11 and 12 show the relevant profiles of number
densities for the DIV1 case. Higher abundances of heavy
constituents open up new pathways in the complex
chemistry of the lower thermosphere. This affects the
chemistry of both the major and minor constituents. So, in
a hydrogen atmosphere relatively rich in oxygen and other
oxygen compounds, the result of the decomposition of
H2O and CO and the subsequent chemistry, the reactions
of Eq. (43) and
OþH2! OHþH (53)
become of prominence. This is in fact what occurs in our
DIV1 and DIV10 cases, for which these reactions are the
major destruction mechanisms of H2. For the DIV1 and
DIV10 cases, H dominates over H2 from the pressure levels
p$1:5 and $0:5 dyn cm%2, respectively, in spite of the large
eddy diffusion coefficient utilized in the computations.
The rapid depletion of H2 limits the production of
the Hþ3 ion through Eq. (41). This ion can also be lost
through reaction with some abundant neutral species. In
particular
Hþ3 þH2O! H3Oþ þH2, ð54Þ
Hþ3 þ CO! HCOþ þH2, ð55Þ
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A. Garcı´a Mun˜oz / Planetary and Space Science 55 (2007) 1426–14551446
Figure 1.16: Number density proﬁles as a funcঞon of the raঞo between radial distance from the planet centre (r) and the planet radius
(Rp). Shown are the main hydrogen and helium species for the case DIV1 (unlabelled), where in addiঞon to hydrogen and helium, CO
and H2O are included in the model. For H+3 densiঞ s, two other cases are show : DI ∗∗, which includes CO and CH4, but no H2O,
and SP-TF where the modelled atmosphere is composed purely of hydrogen (no heavy species). Reprinted from García Muñoz, P&SS,
55(10):1426--1455, Physical and chemical aeronomy of HD209458b, Copyright 2007, with permission from Elsevier.
the planet’s mass would be lost over 1 Gyr. However, this is without considering the evolution of XUV
stellar irradiance, which would have been orders of magnitude higher in a younger star, as discussed in
Section 1.2.3.
García Muñoz [2007] constructed a 1D model of the upper atmosphere of HD209458b by solving
the continuity, momentum and energy equations for amulti-component fluid. In addition toH,H2 and
He, the authors include heavier species, such as CO, CH4, H2O, and N2 in their model and C, O, and N
photo-chemistry. They found that as the density ofwater and other heavymolecules increases, that ofH+3
decreases. This leads to a decrease in the amount of IR cooling fromH+3 and, ultimately, highermass loss
rates. García Muñoz [2007] estimated the mass loss rate for HD209458b to be between 6.10 × 107 kg/s
and 1.52× 108 kg/s, depending on stellar activity. The authors assumed a stellar spectrum identical to that
of the Sun. Figure 1.16 shows densities of certain neutral and ion species, including H+3 . It can be seen
that including water and/or hydrocarbon chemistry (cases labelledDIV1∗∗ and SP-TP in Fig. 1.16) greatly
reduces the density of H+3 .
Penz et al. [2008] investigated the effects on mass loss of an increase in XUV flux in younger stars.
ey lso took into account the effect of the star’s gravity. Indeed, when a planet is so close to its star,
stellar tidal forces can have an influence on at ospheric escape rates. Mass loss rates are found to be
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higher than in Yelle [2004]: HD209458b is found to have lost 1.8 – 4.4 % of its mass over its lifetime.
Reducing the orbital distance to 0.02AU is found to greatly increase the cumulated mass loss to 27.5%
of the planet’s initial mass. However, care must be taken when comparing these results to those of Yelle
[2004]. Indeed, even though the model developed by Penz et al. [2008] is also a 1D fluid model, it does
not take any chemistry into account.
Tian et al. [2008a,b]modelled the Earth’s upper atmosphere under irradiation from a younger, more
active Sun, to seek tounderstand the conditions in the early solar system. They increase the solar EUV flux
by up to 20 times its current value, using awavelength-dependent scaling based on the solar activity proxy
[Richards et al., 1994, Solomon and Qian, 2005]. At solar EUV fluxes above 5 times the current value,
Tian et al. [2008a] found that the Earth’s atmosphere transitions from being in hydrostatic equilibrium
to undergoing hydrodynamic escape. The authors show the importance of considering the adiabatic
cooling effect at the top of the atmosphere in the hydrodynamic escape regime. In a follow-up study
[Tian et al., 2008b], the authors also showed that using the Swartz and Nisbet [1972] parametrisation
of thermal electron heating by photo-electrons and their secondaries in the Earth’s upper atmosphere
underestimates this heating at high EUV fluxes (greater than about 3 times today’s solar levels). They
obtained a transition to the hydrodynamic escape regime at lower stellar flux levels when self-consistently
calculating the thermal electron heating rate by coupling to an expanded version of the GLOW supra-
thermal electron transport model [Solomon et al., 1988, Bailey, 2002].
Koskinen et al. [2007b, 2010] have developed a 3DGlobal CirculationModel (GCM) of the thermo-
sphere of exoplanet gas giants, which is based on a similar model of Saturn [Müller-Wodarg et al., 2006].
As in Yelle [2004], the only neutral constituents considered are H, H2 and He. Because of assumptions
of hydrostatic equilibrium, this model cannot performwell in the regimewhere there is significant atmo-
spheric escape. This is found to occur at orbital distances below about 0.2 AU, which corresponds to a
switch fromH2 being the dominant species near the ionospheric peak (at orbital distances a > 0.2AU)
to H dominating (at a < 0.2AU). This critical orbital distance of 0.2 AU also corresponds to a jump
in thermospheric temperature from about 2000K to more than 10,000K. The sharp change of escape
regime is due to the absence of H+3 at small orbital distances. Indeed, H
+
3 is formed from H2 and in
conditions of sufficiently elevated temperatures and ionising fluxes, H2 is almost completely dissociated
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through the following reactions [Koskinen et al., 2007b]:
H2 + hν → H+2 + e−
H2 → 2H (high T)
H+ +H2(ν ≥ 4)→ H+2 +H
H+2 +H2 → H+3 +H.
In fact, the H+3 ion may act as a thermostat in Extrasolar Giant Planet (EGP) upper atmospheres,
allowing these atmospheres to remain in stable, hydrodynamic equilibrium at relatively small orbital dis-
tances. Indeed, for planets close to the star, the thermospheric temperature increases, but so does the
density ofH+3 , due to increased photo-ionisation. HigherH
+
3 densities lead tomore IR emission to space
and hence an enhanced cooling effect. This feedback loop breaks down once H2 is fully dissociated. See
Chapter 3, Section 3.2 for a more in depth description of this process.
Koskinen et al. [2013a,b, 2014] developed a 1Dhydrodynamic escapemodel to studyEGPatmospheric
mass loss. This is the model that I use to obtain neutral densities and wind speeds – it is detailed further
in Section 3.1 of Chapter 3. Koskinen et al. [2014] confirm the sharp transition between regimes of hy-
drostatic equilibrium and hydrodynamic escape, driven by the dissociation of H2 – indeed, the altitude
at which H2 is fully dissociated decreases as the planet’s orbital distance decreases. The authors find that
at small orbital distances, heavy species, such as C O and Si, will escape along with H and H+. Koskinen
et al. [2014] also determine the dependence of the critical orbital distance at which hydrodynamic escape
sets in on the planet’s surface gravitational potential Φ = GMp/Rp. Planets with higher Φ have stable
atmospheres at smaller orbital distances.
All of the studies described up until now use solar XUV fluxes as substitutes for stellar fluxes, albeit
sometimes adjusted inmagnitudeusingwavlengthdependent scalings, as inTian et al. [2008a,b]. Indeed,
because of inter-stellar extinction, it is very difficult (or even impossible at certainwavelengths) tomeasure
spectra of other stars in the EUV. However, in a recent study, Sanz-Forcada et al. [2011] calculated mass
loss rates for gas giants orbiting close to a number of stars. This is achieved by determining syntheticXUV
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spectra of these stars using EmissionMeasureDistributions (EMD). The coronalmodel withwhich these
EMDs are obtained is the same I use in my work to obtain XUV stellar spectra (see Chapter 2). The bulk
of the Sanz-Forcada et al. [2011] study is concerned with constructing the modelled spectra and so the
mass loss calculations are very approximate. Indeed, these are obtained by just balancing the planets’
gravity with energy of all emitted stellar photons in the XUV range.
In the work described over the course of this thesis, I construct an ionospheric model, based upon
neutral densities derived from a thermospheric model [Koskinen et al., 2013a,b, 2014] and coupled to
a supra-thermal electron transport model [Galand et al., 1997, 2009]. As energy input into the upper
atmosphere, I use synthetic stellar spectra produced using a coronal model [Sanz-Forcada and Micela,
2002, Sanz-Forcada et al., 2003b, 2011]. Thus my results are obtained by combining some of the most
accurate stellar XUV spectra available for low-mass stars, with a rigorous description of the processes
taking place in EGP upper atmospheres. This is an approach with has not been undertaken before.
The chapters of this thesis are laid out in the followingmanner. Chapter 2 consists of the description
of stellar X-ray and Ultra-Violet (UV) radiation. I conduct a study of the time-evolution of the solar
irradiance and how this can be extrapolated to other stars. The coronal model [Sanz-Forcada andMicela,
2002, Sanz-Forcada et al., 2003b, 2011] from which I obtain the stellar spectra used as energy input for
the ionospheric model is also described in this chapter. In Chapter 3, I present the results of a study on
the thermosphere of EGPs using results from a thermospheric model [Koskinen et al., 2013a,b, 2014].
In particular, we obtain mass loss rates for EGPs irradiated by stars for which the spectra are obtained
either from the coronal model [Sanz-Forcada and Micela, 2002, Sanz-Forcada et al., 2003b, 2011] or a
parametrisation derived inChapter 2. Chapter 4 contains a detailed description of the ionosphericmodel,
its inputs and the equations solved. I then present results obtained applying this model to EGPs orbiting
solar-like stars as well asM andK-dwarfs. Finally, Chapter 5 summarises what has been learnt throughout
this work and discusses future avenues to be pursued.
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2
Solar and stellar X-ray and UV radiation
In this chapter, I describe the high-energy emissions from the Sun, as well as other low-mass stars. I refer
to the following photon wavebands: X-ray (0.517 – 12.4 nm), Extreme UltraViolet EUV (12.4 – 91.2 nm),
Far UltraViolet FUV (∼90 – 200 nm). XUV is used to refer to the combined X-ray and EUVwavelength
ranges. I begin in Section 2.1 by detailing the various solar and stellar observatories of which I make
use. In Section 2.2, a description of how solar XUV emission evolves over cycle, rotational and flaring
timescales. Finally, in Section 2.3, I turn to other low-mass stars and study the evolution of their high-
energy emissions, using a coronal model. A paper, Chadney et al. [2015], has been published based on the
results of Sections 2.2.5 and 2.3.
2.1 Instrumentation for solar and stellar XUV observations
Observations in the high-energy, ionising wavebands that are the X-ray and UltraViolet (UV) must be
taken from space-based observatories. The Earth’s atmosphere is indeed opaque to these wavelengths.
There have been a number of different spacecraft equipped to observe in the XUV – a selection relevant
to solar and stellar observations is presented in Table 2.1. In this section, I review the main characteristics
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of some of these instruments and compare results from overlapping observations.
2.1.1 TIMED/SEE
The SEE instrument on the TIMED spacecraft began observing the solar XUV flux on 22 January 2002
and has been making observations ever since. The instrument is composed of two detectors [Woods,
2005]:
• 0.1 – 35 nm range: XUV Photometer System (XPS), composed of broadband diodes, each span-
ning a 5 to 10 nm spectral window.
• 27 – 190 nm range: EUVGrating Spectrograph (EGS), with 0.4 nm spectral resolution.
The TIMED/SEE instrument records one 3-minute long observation during each orbit around the
Earth. Results from the 14 to 15 daily measurements are combined into a daily-averaged spectrum, with
1 nm bins, which makes up the level 3 data product. Flares are removed from this data product, but are
available in the level 3a data, which comprise the individual 3-minute observations. Although, since the
satellite only has a 3% duty cycle (i.e., it is only observing the Sun for 3% of the time), the number of flare
events captured is not very large. Data reduction by the instrument team also includes stitching together
the measurements made by the two detectors at a wavelength of 27 nm.
In the XPS wavelength range, the spectral resolution is increased using the CHIANTI model [Dere
et al., 1997, Landi et al., 2012]. Broad-band observations are made using 12 photodiodes spanning from
0.1 nm to 35 nm, each with a bandpass of 5 to 10 nm. These measurements are then used to scale the
CHIANTI reference spectra, which include low-activity, high-activity and flaring cases. The result is a
high-resolution scaled synthetic spectrum spanning 0.1 nm to 40 nmwith bin widths of 0.1 nm. Because
intensities of individual lines are based on a model, irradiances in this wavelength range are only consid-
ered accurate over the 5 to 10 nm broad-bands.
There are gaps in data acquisition as well as a number of defects and other known data problems that
need to be taken into account when using the provided spectra. Defects over the 0.1 – 190 nm combined
spectrum (built up from both the XPS and EGS detectors) are detailed in Fig. 2.1 and gaps in data com-
pleteness are shown inTable 2.2. Note that the TIMED/SEE/XPS filter wheel got stuck on day 2002/205
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Table 2.1: Wavelength range and bin width (∆λ) or resoluঞon (R) of instruments used to observe solar and stellar ﬂuxes in the so[
X-ray, EUV, and FUV.
λ range ∆λ [nm] or
[nm] R = λ/∆λ
Solar observatories
TIMED/SEE1 0.5 – 190 ∆λ = 0.4 – 7
Thermosphere Ionosphere Mesosphere
Energetics and Dynamics
/ Solar Extreme ultraviolet Experiment
SDO/EVE 6 – 106 ∆λ = 0.1
Solar Dynamics Observatory
/ EUV Variability Experiment
SORCE/XPS 0.1 – 27 ∆λ = 1 – 10
SOlar Radiation & Climate Experiment
/ XUV Photometer System
Stellar observatories
Chandra/LETG2 0.6 – 15 ∆λ = 0.005
Low Energy Transmission Grating
Chandra/HETG2 0.12 – 3.1 ∆λ = 0.0012 – 0.0023
High Energy Transmission Grating
XMM-Newton/RGS3 0.5 – 3.5 R = 100 – 500
X-ray Multi-Mirror Mission
/ Reﬂection Grating Spectrometer
ROSAT/PSPC4 0.5 – 12.4 X
Röntgensatellit
/ Position Sensitive Proportional Counter
EUVE5 7 – 76 R = 250 – 500
Extreme Ultraviolet Explorer
FUSE6 92 – 118 R = 30000
Far Ultraviolet Spectroscopic Explorer
IUE/SWP7 120 – 200 R = 300
International Ultraviolet Explorer
/ Short Wavelength Prime
References: 1 Woods [2005]. 2 Weisskopf et al. [2002], Chandra X-ray Center et al. [2013]. 3 Ehle et al. [2003]. 4 den Herder et al.
[2001]. 5 Bowyer and Malina [1991]. 6 Sahnow et al. [2000], Moos et al. [2000]. 7 Kondo et al. [1989].
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and that subsequently, this detector has not been making measurements in the 10 – 27 nm range. Be-
tween 2002/205 and 2003/069, this gap was filled using SEE/XPSmeasurements in the 0.1 to 7 nm range
as a proxy based on observations taken before the anomaly occurred [Woods, 2005]. From 2003/070 on-
wards, with the launch of an identical XPS instrument on the SORCE satellite, the CHIANTI model
used in producing the TIMED/SEE spectra has been scaled with observations from SORCE/XPS. Addi-
tionally, the wavelengths around Lyman alpha (114 – 120 nm and 123 – 129 nm) are blocked out by a filter
allowing the detector to measure the very strong H I emission line.
Table 2.2: Gaps in TIMED/SEE data coverage. During days for which reduced data is available, a daily average of recorded spectra is
sঞll provided. The date is in the format YYYY/DOY.
Date Type of Data Loss Nature of Gap / Comment
2002/022 start of normal operations
2002/060 limited data available spacecraft in safe mode for portion of day
2002/061 limited data available spacecraft in safe mode
2002/063 no EGS data available could be recovered in future versions
2002/078 limited data available spacecraft in safe mode for portion of day
2002/088 limited data available spacecraft in safe mode for portion of day
2002/114
limited data available new flight software loaded
– 2002/115
2002/161 limited data available solar eclipse
2002/205 limited XPS data available XPS anomaly, powered off during this period
2002/206
no XPS data available – subsequently, 10-27 nm range not observed
– 2002/210
2002/322
limited data available safe mode due to Leonid meteor shower
– 2002/323
2002/338 limited data available solar eclipse
2004/110 limited data available solar eclipse
Continued on next page
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Table 2.2 – continued from previous page
Date Type of Data Loss Nature of Gap / Comment
2004/260
- new flight software load and test
– 2004/265
2004/273
- new flight software load and test
– 2004/275
2005/124 limited data available operator error
2006/020
limited EGS data available believed particle event
– 2006/021
2006/228 limited data available
spacecraft in safemode (anomaly)2006/229 no data available
2006/230 limited data available
2006/338
noisy data -
– 2006/339
2007/005
anomalous data -
– 2007/008
2008/009
- spacecraft in safe mode (anomaly)
– 2008/015
2008/144
- spacecraft in safe mode (anomaly)
– 2008/145
2008/189 - planning error due to holiday weekend
2009/165
lower quality data safe mode (anomaly and failed recovery)
– 2009/173
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2.1.2 SORCE/XPS
TheXPSdetector [Woods et al., 2008]on-board the SORCEsatellite is identical to that on-boardTIMED/SEE.
It was launched in March 2003 and has been making observations ever since. In the same way as for the
TIMED/SEE instrument, the roughly 7 nm resolution is increased to 0.1 nm using scaled reference spec-
tra, produced with the CHIANTI model. The other instruments onboard the SORCE satellite observe
the Sun in wavelengths greater than 115 nm and so are not of use in this work.
2.1.3 SDO/EVE
The EVE instrument onboard the Solar Dynamics Observatory started taking solar EUVmeasurements
in May 2010 and is composed of three detectors [Woods et al., 2012]:
• MEGS-A: itself composed of two parts measuring respectively from 6 – 17 nm and 16 – 38 nm at a
resolution of∼ 0.1 nm
• MEGS-B: observing over the 35 – 105 nm range at a resolution of∼ 0.1 nm
• MEGS-P: broadband (10 nm observing window) diode to measure the Lyman alpha line.
The instruments measure a full-disk spectrum every 10 seconds, however only detectorMEGS-A ob-
serves a complete duty cycle. MEGS-B and MEGS-P only observe for 3 hours per day, in addition to 5
minutes every hour – this is tominimise instrumental degradation. There have been two data gaps in the
spacecraft’s lifetime due to detector bakeouts:
• from 2010/167 [16th June] to 2010/169 [18th June]
• from 2010/266 [23rd September] to 2010/271 [28th September]
The detectors change rapidly during several days following each bakeout. Additionally, for one or
two days a month, if there is an active Sun, MEGS-B and -P take measurements continuously (with a
10-second cadence). During one such campaign, from 14th to 16th February 2011, an X-2.2 class flare was
observed. Another X-class flare was observed during a similar campaign on 7th March 2012. These two
flaring events are described in Section 2.2.4.
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2.2 Evolution of solar irradiance over different timescales
I shall now study in more detail the evolution of the solar XUV irradiance over different timescales –
specifically cycle (∼ 11 years), rotational (∼ 27 days), and flaring timescales. There are continuous mea-
surements using theTIMEDand SDO spacecraft over periods long enough to capture variability on all of
these timescales. I use regressions to understand howdifferent portions of the high-energy solar spectrum
are related.
Correlations between solar EUV wavelengths have previously been calculated in order to determine
proxies for this wavelength region, so that data gaps can be filled. Rawer and Tai [2006] used cross-
correlations between different EUV lines to determine that monitoring two emission lines – one coronal
and one chromospheric – would be sufficient to capture variations in the solar EUV flux. Cessateur et al.
[2011, 2012] showed that five spectral bands are sufficient to reconstruct the entire UV spectrum with an
accuracy that is similar to current spectrometers. Variability on cycle and rotational timescales is captured.
This gives better results than using solar indices, such as F10.7 (radio emission at a wavelength of 10.7 cm)
or the Mg II line intensity.
2.2.1 Methods
Given a certain time period of interest, we haveM spectra, each composed ofN wavelength bins. The
question we pose is: How do theseN wavelength bins vary with respect to one another, over theM spectra
of interest? To answer this, we build up a cross-correlation plot, which is an array of cross-correlation
coefficients; each cell of the array indicating the correlation between two given wavelength bins.
2.2.1.1 Regression Lines
For example, take two wavelengths λi and λj . We have flux values for both of these wavelength bins for
each of theM observations: Fλi(tm) andFλj(tm) form = 1..M . By plottingFλi (calledx fromhere on)
against Fλj (called y) at each observation, we can determine the regression line (equation Y = aX + b)
by minimising the spread of y flux values from the line. This is done by minimising the Sum of Squared
Errors (SSE), defined as:
SSE =
M∑
m=1
(y(tm)− yˆ(tm))2 (2.1)
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Figure 2.2: Regression slope with notaঞons. Each data point (x(tm), y(tm)) represents an observaঞon at ঞme tm. x¯ and y¯ are the
average values of respecঞvely x and y over all the observaঞons. yˆ(tm) is the predicted value for y(tm).
where yˆ(tm) is the regression line’s predicted value for y(tm) (effectively the projection in the y dimension
onto the regression line – see Fig. 2.2). This gives the following expression for the regression slope:
a =
∑M
m=1 (x(tm)− x¯) (y(tm)− y¯)∑M
m=1 (x(tm)− x¯)2
(2.2)
where x¯ is the average value of x and y¯ is the average value of y over all of theM observations.
2.2.1.2 Correlation coefficients
To obtain an idea of how well correlated our two variables are, we need to quantify the spread of data
points. This is determined by calculating the sum of squares around the mean, which is expressed as
follows for the y variable:
ssyy =
M∑
m=1
(y(tm)− y¯)2 (2.3)
Comparing SSE to ssyy gives the proportion of ‘error’, relative to the total spread. In this context, ‘error’
is departure from a perfect fit between x and y (i.e., the fluxes in these two wavelength bins varying in
an identical manner). Thus SSE/ssyy quantifies how ‘bad’ the fit is: SSE = 0 signifies a perfect fit and
53
SSE = ssyy means no correlation. Therefore we can define a correlation factor as:
R2 = 1− SSE
ssyy
(2.4)
R2 is the proportion of the total ssyy accounted for by the regression; it is equal to 1 if y varies identically
to x and equal to 0 if y and x are completely independent.
In the remainder of this chapter, I use a slightly different definition for the correlation coefficient,
which differentiates between positive and negative (or anti-) correlation, depending on the sign of the
correlation slope; this coefficient is defined as:
r = sign(a)
√
R2 (2.5)
2.2.1.3 Cross-correlation plots
I construct cross-correlation plots (e.g., bottom plot of Fig. 2.4), which are 2D arrays made up of correla-
tion coefficients r between the fluxes of each pair of wavelength bins. These arrays show spectral regions
which vary together. It is expected that wavelength bins vary in blocks, as regions of the spectrum com-
posed of emission from the same layer of solar atmosphere behave in a similar manner, although strong
emission lines may have different formation heights compared to the surrounding areas.
2.2.2 Solar cycle variability
To capture variability on the solar 11-year cycle timescale, I construct cross-correlation plots using daily-
averaged observations of the Sun from the TIMED/SEE and the SDO/EVE instruments. To eliminate
effects due to the Sun’s rotation (which I evaluate in Section 2.2.3), I take the mean irradiance in each
wavelength bin over three solar rotationsworth of observationswhen determining cross-correlation plots
on cycle timescales. Each solar rotation is considered to be 27 days long.
Fig. 2.3 shows the variation in number of sunspots during these two cycles, along with predictions
for the end of the current cycle. Cycle 23 reachedmaximum around 2001, with the subsequentminimum
occurring in 2009. The latest maximum was reached in 2014. The TIMED satellite has provided daily
observations since 2002 and so allows one to sample the second half of cycle 23 and the first half of the
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Figure 2.3: Observed sunspot numbers for cycles 23 and 24, with predicঞons for the end of cycle 24 using the method of Hathaway
et al. [1994] (Credit: Hathaway/NASA/ARC).
current solar cycle, number 24. Whereas, since SDOwas only launched in 2010, only sample cycle 24 can
be sampled with SDO/EVE. Thus I determine correlation coefficients for the decline of cycle 23 and the
rise of cycle 24 using TIMED/SEE observations (Fig. 2.4) and for the rise of sample 24 using SDO/EVE
(Fig. 2.5).
The TIMED/SEE observations in Fig. 2.4 indicate that, on cycle timescales, most of the XUV and
FUVwavelengths arewell correlatedwith eachother. However certain lines andwavelength regions stand
out as being poorly correlated with the rest of the SEE waveband. For example, the tail of the blackbody
continuum, at wavelengths above about 170 nm has low correlations (r < 0.4) with the high energy
wavelengths below 80 nm, as well as the region surrounding the Lyman α line at 121.6 nm. The Sun’s
bolometric emissions – which become significant at wavelengths greater than about 170 nm – emanate
from the photosphere and so are not as affected by the solar cycle as the emission lines originating in the
chromosphere, transition region and corona, which make up the solar XUV spectrum. Additionally,
certain emission lines are poorly correlated with the rest of the spectrum, in particular those in bins at
55 nm (O IV), 63 nm (O V) and 75 nm (S IV &OV).
Care must be taken when interpreting the features in the cross-correlation arrays since some are of
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Figure 2.4: Top: average spectrum of observaঞons from TIMED/SEE from 30th May 2002 to 16th November 2013. Line labels in red
indicate coronal lines and green labels indicate transiঞon region lines. Boom: cross-correlaঞon array constructed using observaঞons
from TIMED/SEE from 30th May 2002 to 16th November 2013, averaging each 81 days (3 solar rotaঞons) of observaঞons.
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instrumental origin. For instance, the block of highly correlated wavelength bins at wavelengths below
27nm inFig. 2.4 is due to the use of theCHIANTImodel by theTIMED/SEE team at thesewavelengths.
Indeed, the CHIANTI reference spectra are scaled by broadband solar flux measurements, in such a way
that the flux in each wavelength bin of the synthetic, high-resolution spectra is dependent on XPS mea-
surements over the entire wavelength range [Woods et al., 2005]. This results in the bins from 0.1 nm to
27 nm – those produced from the CHIANTI model – varying together on cycle timescales.
One way to test whether the noted features are instrumental is by using a different instrument, such
as SDO/EVE, for which I determine correlations between 2010 and 2014 in Fig. 2.5. The four years of
observations available to date from the SDO spacecraft should be sufficient to capture cycle variability.
There are many similarities with the TIMED/SEE correlation plot from Fig. 2.4. Overall, most of the
SDO/EVEwavelength bins correlate well with one another, apart from a striking area of low correlations
between the region of wavelengths above about 92 nm and the rest of the EVE waveband. Since this
region does not show such low correlations in theTIMED/SEE data, I conclude that it is an instrumental
effect. Indeed, on closer inspection, one notices that it is the continuum in this long wavelength region
that is not correlated with the other wavelengths; the lines all show high correlation coefficients. This is
most likely due to low signal-to-noise at the detector edge. A similar issue occurs, albeit less markedly so,
between about 50 nm and 67 nm, the poor correlations between the continuum at these wavelengths and
certain other regions of the spectrum are also due to low S/N.
Another similarity between the cycle timescale cross-correlations from TIMED/SEE (Fig. 2.4) and
those from SDO/EVE (Fig. 2.5) are a few distinct emission lines that do not correlate well with the rest
of the spectrum. Higher resolution spectra from the EVE instrument allow more precise determination
of the particular lines in question. These are, most notably, O III at 52.6 nm, the O IV doublet around
55.5 nm,He I at 58.4 nm,O III at 59.8 nm,OV at 63.0 nm andO III at 70.4 nm. More of these lines stand
out in the EVEdataset than in that fromSEEdue to the higher resolution of the EVE spectra. Correlation
coefficients between these emission lines and each of the other wavelength bins in the EVE spectrum are
plotted in Fig. 2.6. It can be seen that each of these lines only correlates well with the 5 others. This effect
does not appear to be instrumental, since certain of these lines are picked up by both the TIMED/SEE
and the SDO/EVE instruments. Moreover, the detectors are not saturated in thesewavelength bins. One
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Figure 2.5: Top: average spectrum of observaঞons from SDO/EVE from 14 July 2010 to 10th April 2014. Line labels in red indicate
coronal lines and green labels indicate transiঞon region lines. Boom: cross-correlaঞon array constructed using observaঞons from
SDO/EVE from 14 July 2010 to 10th April 2014, averaging each 81 days (3 solar rotaঞons) of observaঞons.
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Figure 2.6: Correlaঞon coeﬃcients for given emission lines over cycle ঞmescales using observaঞons from SDO/EVE from 14 July 2010
to 10th April 2014, as in Fig. 2.5
explanation is that all of these lines are emitted from a similar layer of the solar atmosphere: the transition
region (TR), a thin layer where the temperature changes rapidly from chromospheric values (∼ 104 K)
to coronal values (∼ 106 K) – see Fig. 1.3(a). However, other TR emission lines, such as theHe II doublet
at 30.4 nm, do not exhibit this particularity.
Note that due to long-term degradation of the TIMED/SEE instrument, it can only really be used to
determine cycle variability for cycle 23, thus I compare correlations during cycle 23 for the TIMED/SEE
observations (Fig. 2.4) and correlations during the first half of cycle 24 for the SDO/EVE observations
(Fig. 2.5). Therefore, it cannot be said for certainwhether the few dissimilarities between these two sets of
results are instrumental or due to the fact that two different solar cycles are being compared. In particular,
the wavelength bin at 76–77 nm is poorly correlated with the rest of the spectrum in the TIMED/SEE
observations, but this is not the case in the SDO/EVE observations. Despite this, overall, wavelengths
across the XUV region are well correlated with each other over the course of a solar cycle.
2.2.3 Rotational variability
It is difficult to provide detailed statements on solar rotational variability, since no two solar rotations
are identical. Indeed, a solar rotation – as assessed here – is made up of a superposition of Earth’s re-
stricted view of the Sun and the birth, evolution, and death of active regions. However two example
cross-correlation plots are shown in Fig. 2.7 for solar minimum (left) and solar maximum (right). These
display some features common to most rotations at each activity level.
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Figure 2.7: Cross-correlaঞon plots capturing rotaঞonal variability. Le[: at solar minimum, constructed using daily observaঞons from
TIMED/SEE between 1 January 2009 and 22 March 2009 (3 solar rotaঞons). Right: at solar maximum, constructed using daily obser-
vaঞons from TIMED/SEE between 30 April 2002 and 19 July 2002 (3 solar rotaঞons).
Generally at solar maximum, there are good correlations between most wavelength regions, better
than 0.8 or 0.9 for most of the SEE spectral range except for wavelengths greater than 170 nm, which
display low correlations with wavelengths short of 70 nm (see right panel of Fig. 2.7). This makes sense
since these emissions are from different parts of the stellar atmosphere: λ > 170 nm are emitted in the
upper photosphere, whereas λ < 70 nm are emitted from the upper chromosphere, TR, and corona.
At solar minimum, less activity means lower signal-to-noise and somuch of the spectrum is uncorrelated
with the rest - except some line groupings which correlate with each other, such as the region of H I
Lyman continuum between 70 and 90 nm (see left panel of Fig. 2.7).
2.2.4 Flares
Solar flares are impulsive events, characterised by a “sudden release of magnetic energy by reconnection”
[Benz, 2008]. Photons emitted during these events are observed over the whole spectral range and have a
large effect on planetary ionospheres. Indeed, at Earth, as a consequence of increased EUV flux, Tsurutani
et al. [2009] estimate that total electron content (TEC) in the subsolar region can increase by up to 30%
over time-scales of a few minutes, whereas Haider et al. [2009] measured a TEC enhancement in the E-
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region of Mars’ ionosphere by factor of 6 during a flare on 6thMay 2005. Increased photon rates from a
flare typically last for a few hours.
Flares are often associated with Coronal Mass Ejections (CMEs), which can propel vast quantities of
energetic particles towards the Earth, causing further ionisation in the Earth’s ionosphere a few days after
the flare event. This occurs when the Inter-planetaryMagnetic Field (IMF) is oriented southward, which
allows efficient entrance of energetic particles through reconnection – associated with the Dungey cycle
[Dungey, 1961] – between the IMF and Earth’s magnetic field lines connected to high latitude regions.
Usually, impact-ionisation mainly affects polar regions, however, during strong CME events, perturba-
tions can extend to lower latitudes.
Below, I focus upon two X-class solar flares that were observed by the SDO/EVE instrument. An
X-class flare is defined as an event during which the peak flux measured at Earth is between 10−4 and
10−3 W/m2 in the 0.1 to 0.8 nm waveband. The X class is the strongest class of flares; the least powerful
are A class, followed by B, C, M and finally X class flares. The flux at Earth of a flare of a given class is 10
times than of the previous class and each class is divided into 9 subcategories, such that an X2 flare has
twice the flux at Earth in the 0.1 to 0.8 nmwaveband, compared to an X1 flare, and 10 times the flux of an
M2 flare. The events described here are an X5.4-class flare that took place on 7thMarch 2012 and an X2.2
flare from 15th February 2011. The EUV region is studied over the 6 – 65 nm range offered by SDO/EVE,
revealing a highly complex and dynamic picture.
A comparison of spectra taken before and during these two flare events is plotted at the top of Figs.
2.8 and 2.9. In the bottom half of these same figures is presented a time-evolution plot, showing how
each line varies over the course of the flare. It can be seen that themain emission enhancements take place
in lines below about 15 nm. These lines are subject to a huge increase in emission, in some cases of over
an order of magnitude. Of particular note are two other lines that are subject to very large increases in
flux appearing at slightly longer wavelengths, at λ = 19.2 nm (Fe XXIV) and λ = 25.5 nm (He II) (see
Hudson et al. [2011] for the case of λ = 19.2 nm). Both of these emission lines, as well as many of the
lines showing large flux increases at λ ! 15 nm appear also in the flaring spectrum of the star AU Mic,
one of the low-mass stars that I consider in this thesis and for which I have obtained a flaring spectrum
(see Section 4.3.5).
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Figure 2.8: X-2.2 ﬂare on day 2011/046 (15 February 2011). Top: SDO/EVE spectra taken a few minutes before the ﬂare (in black)
and at the peak intensity of the He II line (in red). Boom: Time evoluঞon of the solar spectrum over the course of the ﬂare event.
The logarithm of the solar irradiance normalised by a pre-ﬂare, quiescent value is ploed for each wavelength at each ঞme point.
Figure 2.9: X-5.4 ﬂare on day 2012/067 (7 March 2012). Top: SDO/EVE spectra taken a few minutes before the ﬂare (in black) and
at the peak intensity of the He II line (in red). Boom: Time evoluঞon of the solar spectrum over the course of the ﬂare event. The
logarithm of the solar irradiance normalised by a pre-ﬂare, quiescent value is ploed for each wavelength at each ঞme point.
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Figure 2.10: Time evoluঞon of the intensiঞes of a few speciﬁc wavelength bins, over the course of (a) ﬂare 2011/046 and (b) 2012/067.
Relaঞve ﬂux is the diﬀerence between the ﬂux at each measurement and the ﬂux measured a few minutes before the ﬂare.
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Variations in flux over the course of the flares for a few specific lines are plotted in Fig. 2.10. It can
be seen that different lines peak at different times. The flare event can be decomposed into phases, as
described byWoods et al. [2011] – an impulse phase during which there are significant non-thermal emis-
sions, followed by a gradual phase, characterised by thermal signatures. Emissions from different parts of
the spectrum dominate at different phases of the flare, explaining the spread of times at which the differ-
ent lines plotted in Fig. 2.10 peak. For example, transition region emissions, like the He II 30.4 nm line
peak during the impulse phase, whereas hot coronal lines, such as Fe XX / Fe XXIII 13.3 nm line peak
during the gradual phase. Many of the other EUV emissions peak a few minutes after this as post-flare
loops reconnect and cool Woods et al. [2011].
The cross-correlation plots (Figs. 2.11 and 2.12) for these two flares also display many of the same fea-
tures. The coronal lines at λ ! 15 nm vary in unison, as does the He I continuum (the recombination
edge of which is at λ = 50.4 nm [Milligan et al., 2012]). The spectral region between 30 and 40 nm,
which does not vary much over the course of the flare is (in the exception of a few particular lines that
are subject to an increase in flux) uncorrelated with the rest of the EUV spectrum. It can also be noted
that there is a region of anti-correlation around λ = 17 nm. This corresponds to lines emitted in the cool
corona, which in some flares is subject to dimmingWoods et al. [2011].
2.2.5 XUV flux bands
Even though solar emissions over the entire XUV range are well correlated with each other over a solar
cycle, this does not mean that different wavebands evolve in the same manner. Indeed, harder emissions
generally increase at a faster rate between solar minimum and maximum. This can be seen in Fig. 2.13,
which compares the evolution of the ratio of EUV-to-X-ray emissions over a solar cycle using daily mea-
surements from the TIMED/SEE spacecraft. Each grey point represents a daily observation during the
declining phase of cycle 23 and the rise of cycle 24. The X-ray flux, plotted on the x-axis, is used as a proxy
for the Sun’s activity level. Thus, the points on the right of the graph, with higher values of FX are ob-
servations at solar maximum, and those at lower values ofFX represent the solar minimum state. Higher
variability means that there is a greater spread of flux values at solar maximum than at minimum.
I use all of these dailymeasurements to fit a power law to the variation of solar EUV flux as a function
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Figure 2.11: X-2.2 ﬂare on day 2011/046. Top: SDO/EVE spectra taken a few minutes before the ﬂare (in black) and at the peak
intensity of the He II line (in red). Boom: cross-correlaঞon array constructed using observaঞons from SDO/EVE over the course of
the ﬂare.
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Figure 2.12: X-5.4 ﬂare on day 2012/067. Top: SDO/EVE spectra taken a few minutes before the ﬂare (in black) and at the peak
intensity of the He II line (in red). Boom: cross-correlaঞon array constructed using observaঞons from SDO/EVE over the course of
the ﬂare.
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Figure 2.13: FEUV-to-FX raঞo as a funcঞon of FX (where F is the energy ﬂux at the star's surface) for the Sun over the course of a
solar cycle (grey points). Solar observaঞons are obtained from daily TIMED/SEE measurements between 30 May 2002 and 16 Nov
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of X-ray flux in the ROSAT band (0.5 – 12.4 nm). Thus, I obtain the following relation, as shown in a
thick black line in Fig. 2.13:
FEUV
FX
= (424.5± 4.2) (FX)−0.416±0.001 (2.6a)
or, rearranging:
logFEUV = (2.628± 0.004) + (0.584± 0.001) logFX , (2.6b)
where F is the solar surface flux in mW/m2, and the uncertainties given are one standard deviation. I
choose to use fluxes at the solar surface so as to facilitate comparisons with X-ray and EUV fluxes of other
stars (see Section 2.3.4). Indeed, using surface fluxes, rather than e.g. luminosities, removes the effect of
different star sizes. Note that the data has a slight ‘banana’-shape. The values ofFEUV/FX are higher than
than those predicted by Equation 2.6 around solar minimum.
I now turn from the solar case to other stars. This is rendered difficult by vastly less data available
compared to the Sun and also due to observational difficulties relating to the absorption of starlight by
the inter-stellar medium (see Section 2.3.1). Hence I use a coronal model (see Section 2.3.2) to obtain
stellar XUV spectra.
2.3 Stellar XUV irradiance
2.3.1 Absorption in the Inter-StellarMedium (ISM)
For any star but our own, observing emissions in the EUV is either difficult or impossible. This is due to
absorptionby the ISMatwavelengths greater than about 40nm. Fig. 2.14 presents the optical depthof the
ISM as a function of wavelength for three close, bright stars: ϵ Eridani, AD Leonis and AUMicroscopii
(for some properties of these stars, see Table 2.3). The ISM optical depth is determined using the IDL
routine ismtau.pro from the Package for Interactive Analysis of Line Emission (PINTofALE) [Kashyap
and Drake, 2000]. The ISM is assumed to contain column densities of H obtained from Redfield and
Linsky [2008], and column densities of He and He+ as follows: n(He) = 0.1n(H) and n(He+) =
0.01n(H). For λ < 91.2 nm, extinction is caused by photo-ionisation; absorption edges at the ionisation
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Figure 2.14: Inter-stellar medium (ISM) exঞncঞon curves for the stars ϵ Eri, AD Leo and AU Mic; calculated using the IDL rouঞne
ismtau.pro from the Package for Interacঞve Analysis of Line Emission (PINTofALE) [Kashyap and Drake, 2000].
energy thresholds for H, He and He+ are located respectively at 91.2 nm, 50.4 nm and 22.8 nm. At these
wavelengths (λ < 91.2 nm), the optical depth τ is expressed as follows:
τ(λ) =
∑
i
σabsi (λ)Ni , (2.7)
where σabsi is the photo-absorption cross-section of species i andNi is the column density of species i in
the ISM, as seen from Earth.
At longer wavelengths (λ > 91.2 nm), the Fitzpatrick [1999] parametrisation is used, which is based
on the extinction values E(B-V) for each star. E(B-V) is determined fromSilva andCornell [1992] (forAD
Leo) and Bianchi et al. [2011] (for ϵ Eri andAUMic). The Fitzpatrick [1999] curves are produced from an
empirical parametrisation of the continuous component of absorption and scattering by dust particles
in the ISM. Line absorption and emission, which are omitted by the ismtau.pro routine [Kashyap and
Drake, 2000], are important in the H and He lines – most notably in Lyman α and the He II 30.4 nm
emission lines. The curves fromFig. 2.14 can be used to correct for ISMabsorption in stellar observations.
This is done by applying a factor of exp(τ) to the stellar spectral irradiance, with τ being the optical depth
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Table 2.3: Stellar properঞes: spectral type, eﬀecঞve temperature Teﬀ, stellar radius R, distance d, line-of-sight hydrogen column
densityNH and age.
Spectral Teff R d log (NH) Age
type [K] [R⊙] [pc] [cm−2] [Myr]
ϵ Eri K2V 49001 0.74± 0.012 3.25 17.87 7308
AUMic M1Ve 37201 0.68± 0.173 9.96 18.27 128
AD Leo M4.5Ve 33701 0.41± 0.084 4.95 18.57 259
α Cen B K1V 515010 0.864± 0.00511 1.35 17.67 9.215
ABDor K0V 504113 0.96± 0.0612 15.25 10014
References: 1 Wright et al. [2003], 2 Baines and Armstrong [2012], 3 Range of values from Pasineম Fracassini et al. [2001], Wright et al.
[2011], Houdebine et al. [2012], Messina et al. [2010], Rhee et al. [2007], 4 Range of values from Reiners et al. [2009], Morin et al.
[2008], Pasineম Fracassini et al. [2001], Ruen [1987], Wright et al. [2011], 5 van Leeuwen [2007], 6 Jenkins [1952], 7 Redﬁeld and
Linsky [2008], 8 Rhee et al. [2007], 9 Shkolnik et al. [2009], 10 Ramirez and Melendez [2005], 11 Brun et al. [2010] 12 Guirado et al.
[2011], 13 Gray et al. [2006], 14 Luhman et al. [2005], 15 Holmberg et al. [2009].
of the column of ISM between the star and the observatory.
As Fig. 2.14 shows, even for the bright, relatively close stars we are studying, the reduction in stellar
flux observed at Earth increases from about eτ ≈ e1 ≈ 2.7 near λ = 40 nm, to a factor of eτ ≈
e5 ≈ 1.5 × 102 for ϵ Eri and eτ ≈ e13 ≈ 4.4 × 105 for AD Leo near 91.2 nm. Thus, for all intents
and purposes, the spectral region from ∼ 40 nm to 90 nm is not observable for these stars. Indeed,
observations by the Extreme Ultraviolet Explorer (EUVE) taken between 7 nm and 76 nm detect mainly
noise at wavelengths longer than about 40 nm. In practice, I only use EUVE observations between 10 –
37 nm (also discarding the noisy detector edge). Photons in this wavelength range deposit their energy in
the planetary atmosphere around the peak ionisation layer so it is good to have access to observations in
this spectral range. Elsewhere in the EUV, I rely on a stellar coronal emission model from Sanz-Forcada
et al. [2011] described in the next section.
2.3.2 Coronal model
To obtain accurate XUV spectra of a certain number of low-mass stars other than the Sun, I have collabo-
rated with Jorge Sanz-Foracada (Centro de Astrobiologia CSIC-INTA,Madrid, Spain). He has provided
me with synthetic spectra for the K star ϵ Eridani, and the M stars, AD Leonis and AUMicroscopii. In
this section, I describe themethods he used to calculate these stellar spectra. See Sanz-Forcada andMicela
[2002], Sanz-Forcada et al. [2003b, 2011] for more details.
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The thermal structure of each star’s corona and transition region is constructed using an Emission
Measure Distribution (EMD), which represents the quantity of emittingmaterial at a given temperature
in the stellar atmosphere [e.g., Dupree et al., 1993, Brickhouse and Dupree, 1998]. The EMD for the star
AD Leo is depicted in Fig. 2.15. A line-based method is employed in determining the EMD, whereby
individual emission line fluxes are measured in X-ray, EUV and FUV observations (the distribution in
Fig. 2.15 uses Chandra, EUVE and IUE observations). A limited number of well-characterised lines are
used to infer the EMD, which is constructed in such a way as to minimise the difference between the
synthetic and observed line fluxes; this process is detailed further in Sanz-Forcada et al. [2003b]. By com-
bining the knowledge of this EMD with the abundances of each element and the APED (Astrophysical
Plasma Emission Database) atomic model [Smith et al., 2001], the spectral energy distribution of stellar
emissions in the XUV can be determined.
In order to determine the EMD, the abundance of each element in the stellar coronamust be known.
To limit the effect of uncertainties in the abundances, the first calculation of the structure of the EMD is
carried out using only Fe emission lines, with Fe abundance taken from e.g. Anders and Grevesse [1989].
Indeed numerous highly ionised Fe emission lines are present in EUVE spectra. These lines, formed at
high temperatures in the stellar corona, allow continuous coverage of the temperature range between
log10T = 5.8−7.4. Fe lines are represented in red in Fig. 2.15. This allows the determination of the EMD
shape at coronal temperatures (right half of the plot, log10T > 5.8). Subsequently, emission lines from
other elements are added, enabling their abundance relative to Fe to be calculated. For example, in cases
such as C (yellow lines in Fig. 2.15) or O (blue lines), emission lines are present at coronal temperatures,
allowing [C/Fe] and [O/Fe] to be calculated. However, since the likes of C II, C IV andOVI are formed
in the transition region, at log10T < 5.8 (to the left of Fig. 2.15), the EMD can be extended towards lower
temperatures. It is important to properly characterise the transition region, as well as the corona, since
some the most important lines in the XUV range are produced in the transition region, such as the He
II 30.4 nm line, well known in ionospheric studies [e.g., Galand et al., 2006, Cui et al., 2011, Coates et al.,
2011].
Since the coronal model is calibrated using observed XUV emission line intensities, this method
can only be applied to close, bright stars, with good signal-to-noise observations from Chandra, XMM-
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Figure 2.15: Emission Measure Distribuঞon for AD Leo, using emission line measurements from EUVE, IUE, Chandra/LETG and Chan-
dra/HETG. This model represents the average acঞvity case for the star, including data taken during both quiescent and ﬂaring periods.
The thin coloured lines are the relaঞve contribuঞon funcঞons for each ion, colour-coded as follows -- Fe: red; O: blue; C: yellow; N:
grey; Ne: green; Si: grass green. (Sanz-Forcada, pers. comm. March 2013).
Newton, ROSAT, EUVE and FUSE. Hence the choice of the the K-dwarf ϵ Eridani and the M-dwarfs
AD Leonis and AUMicroscopii, some of the properties of which are provided in Table 2.3. In the con-
text of exoplanteology, ϵ Eridani has commonly been used as an analogue of the Hot Jupiter host star
HD189733, the two stars being of similar type, metallicity and age [e.g. Moses et al., 2011, Venot et al.,
2012]. AD Leonis has been used in previous studies of habitable planets [e.g., Tarter et al., 2007].
For ϵEri, the EMDused in this thesis is a combinationof that presented in Sanz-Forcada et al. [2003a],
which is constructed using EUV coronal lines (from EUVE observations) and FUV transition region
lines (from IUE observations), with that from Sanz-Forcada et al. [2004], which uses X-ray coronal lines
obtained from Chandra. In the case of AD Leo, Sanz-Forcada and Micela [2002] constructed an EMD
using EUV coronal lines. For the present work, the EMD for AD Leo has been updated to also include
lower temperature FUV transition region lines aswell as higher temperatureX-ray coronal lines: emission
line temperatures now span log10(Te) = 4.5−7.5. TheEMDfor the final star that I consider in this thesis,
AUMic, is constructed following the sameprocedure as for ϵEri andADLeo, and is based upon emission
line measurements in the X-ray, EUV and FUV.However, since good quality observations exist in the X-
ray and EUV of flares on AUMic, it has been possible to derive both a quiescent and a flaring spectrum
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for this star (see Section 4.3.5).
2.3.3 Testing the synthetic spectra
Where observationally possible (for X-ray wavelengths and EUV shortward of 35 nm), I have compared
the synthetic spectra for ϵ Eri, AD Leo and AUMic that were obtained from the coronal model to mea-
surements from ROSAT and EUVE. Table 2.4 provides the luminosity values in the X-ray and EUV
wavebands for all three stars, comparing observations with results from the coronal model. Comparisons
of the observed andmodelled spectra are plotted in Fig. 2.16. The observationalX-ray flux and luminosity
limits provided correspond to the range of values found in the literature for ROSAT observations - the
variation in X-ray emission between different observations being indicative of stellar activity. For each
star, observations from the EUVE observatory have been co-added and weighted according to exposure
time. ISM absorption is corrected for by applying a factor of exp(τ), according to the procedure out-
lined in Section 2.3.1. Hydrogen column densities are from Redfield and Linsky [2008] and are given in
Table 2.3.
X-ray fluxes derived from the synthetic spectra over the ROSAT band (0.1 – 2.4 keV) fall within the
rangeof values found in the literature for all three stars (see Fig. 2.16 andTable 2.4). Note that the synthetic
spectrum computed for AUMic in Fig. 2.16c is that of the star in a quiescent state – i.e., flare events have
been removed from the observations used in the construction of the EMD. Hence the integrated X-ray
flux from this synthetic spectrummatches the lower boundary of X-ray observations.
In terms of integrated flux between 8 nm and 35 nm, the relative difference between all co-added
EUVE observations for each star and the synthetic spectra is 25% for ϵ Eri, 5.9% for AD Leo and 17% for
quiescent AU Mic. These discrepancies can be explained by errors in the EUVE observations or could
occur due to stellar variability. Linsky et al. [2014] estimate that these two uncertainties are of order 10%
to 20%. Stellar X-ray flux can vary by even larger amounts – at least a factor of 2 – over the course of an
activity cycle [Ribas et al., 2005]. The differences between the synthetic spectra and EUVE observations
are therefore consistent with observational uncertainties and stellar variability.
As can be seen in Fig. 2.16, the best match in terms of spectral energy distribution between the syn-
thetic spectra and EUVE observations is ϵ Eri. The discrepancies between 17 and 21 nm are caused by a
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Figure 2.16: Comparison of syntheঞc spectra to X-ray and EUV observaঞons. The light blue histograms show the syntheঞc spectra.
The black histograms are observaঞons from the EUVE instrument; these are co-added spectra, weighted by exposure ঞme, for the same
observaঞons as listed in Table 2.4. The red points show the range of X-ray observaঞons in the ROSAT band fromWright et al. [2011],
Schmi and LieWe [2004], López-Sanঞago et al. [2009]. To compare these ROSAT-band X-ray observaঞons (in red) to the syntheঞc
spectra (in light blue), the ﬂux from each syntheঞc spectrum has been integrated over the samewavelength band (λ ∈ [0.517; 12.4] nm)
as the X-ray observaঞons; these are ploed in dark blue.
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Table 2.4: Stellar X-ray and EUV luminosiঞes [in units of 1021 Was]. The ranges given are the extremum values from the set of
observaঞons. The separaঞon of quiescent and ﬂaring states applies to the syntheঞc AU Mic spectra only. ROSAT measurements are
taken from Wright et al. [2011], Schmi and LieWe [2004], López-Sanঞago et al. [2009], Tsikoudi and Kelle, 2000. The following
EUVE observaঞons are considered (same as in Fig. 2.16): for ϵ Eri: 22 Oct. 1993, 31 Aug. 1995, 5 Sept. 1995; for AD Leo: 5 Apr. 1999,
9 Apr. 1999, 17 Apr. 1999, 25 Apr. 1999, 6 May 1999; for AU Mic: 22 July 1993, 12 June 1996.
ROSATX-ray (0.517 – 12.4 nm) EUVE (8 – 35 nm)
observations synthetic observations synthetic
ϵ Eri 1.92 – 2.26 2.23 1.67 – 1.74 2.16
AD Leo 2.00 – 6.76 6.08 1.11 – 2.63 2.04
AUMic
quiescent
25.1 – 240
25.1
5.75 – 27.2
6.00
flaring 111 24.7
problem in the AtomDB atomic database at these wavelengths.
Linsky et al. [2014] compare flux levels in different wavebands between their ownmodel, based upon
Lymanα intensities, the Sanz-Forcada et al. [2011] coronal model and EUVE and FUSE observations, for
the case of ϵEri. There is good agreement between bothmodels and the observations in all thewavebands
that Linsky et al. [2014] consider, i.e., from 10 nm to 117 nm. Note that the Linsky et al. [2014] article
contains an erroneous listing in Table 6 for the X-exoplanets fluxes (those from the Sanz-Forcada et al.
[2011] coronal model) between 91.2 nm and 117 nm. Indeed, this should read log (f(∆λ)/f(Lyα)) =
−1.06. This then compares verywellwith the observation fromFUSEquoted as log (f(∆λ)/f(Lyα)) =
−1.122.
All in all, I consider that the synthetic spectra are the best guess of the stellar spectra over the entire
XUV range at this time.
2.3.4 Scaling of the solar spectrum
Due to the difficulties in measuring EUV fluxes for any stars other than the Sun, most studies of energy
deposition in exoplanetary thermospheres use solar spectra uniformly enhanced in the XUV, in place
of stellar spectra. The entire XUV band is usually scaled according to the ratio of stellar to solar X-ray
luminosity, L∗X/L
⊙
X [e.g., Penz et al., 2008, Tian, 2009]. However, it is generally not valid to scale the
EUVpart of the solar spectrumusing the same factor as for theX-ray band, at least for stars of different age
and spectral type to the Sun. In the context of the ‘Sun in Time program’, Ribas et al. [2005] used solar
proxies of different ages, and found that power laws can be derived for the evolution of solar flux with
time in different wavelength bands of the XUV (see Section 1.2). Indeed, as stars age, they lose angular
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momentum through frozen-in magnetic fields in the stellar wind and so progressively spin-down. Since
coronal emissions are linked to the star’s magnetic activity, these emissions diminish as the stellar dynamo
declines. Ribas et al. [2005] showed thatX-ray emissions in Sun-like stars decay faster thanEUVemissions
and,more generally, that higher energy solar emissions decay faster than lower energy emissions. It is likely
that in other low-mass stars a similar process occurs. Indeed, Sanz-Forcada et al. [2011] determined the
decay with time of the EUV and X-ray emissions for a selection of dwarf stars of various spectral types
and confirmed different decay rates for X-ray and EUV emission.
In Section 2.2.5, I derived a relation to describe the solar-cycle evolution of the EUV portion of the
solar spectrum as a function of the solar X-ray flux (Equation 2.6). The power law is plotted in Fig. 2.17,
alongwith flux ratios fromother stars. TheX-ray fluxes of these stars are taken fromobservations [Schmitt
and Liefke, 2004, López-Santiago et al., 2009,Wright et al., 2011], whereas the EUV fluxes are determined
using the coronal model described in Section 2.3.2. Thus, I have only chosen stars for which there are
well constrained EMDs: in addition to ϵ Eri, AD Leo, and AUMic, I have added α Cen B and AB Dor.
I use stellar fluxes measured at the stellar surface so as to eliminate the effect due to the size of each par-
ticular star. This adds an additional uncertainty on the stellar radii (see Table 2.3) which is accounted for
in the error bars displayed in Fig. 2.17. Previous studies have determined similar power laws to match the
evolution of high-energy stellar emissions, but using luminosities rather than surface fluxes [e.g., Ribas
et al., 2005, Sanz-Forcada et al., 2011], rendering comparisons difficult with the relation determined here.
However I find that using surface fluxes allows a better fit to the power lawdetermined using solar activity
cycle, as provided in Equation 2.6.
The flux ratios of the five low-mass stars with well-constrained EMDs are in good agreement with
the solar behaviour and more active – and hence younger – stars, have a lower FEUV/FX ratio, which is
consistent with the findings of Ribas et al. [2005] and Sanz-Forcada et al. [2011]. Note, however, that the
EUV and X-ray fluxes, for all stars but the Sun, were not measured contemporaneously and might thus
represent different activity levels. To illustrate the effect of stellar variability, I have indicated the range of
values one can obtain when comparing non-contemporaneous solar measurements. This possible range
of values is delimited by the grey dashed parallelogram in Fig. 2.17, constructed using the most extreme
flux cases: solar minimumX-ray with solar maximum EUV fluxes and vice versa. The extent of this area
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Figure 2.17: FEUV-to-FX raঞo as a funcঞon of FX (where F is the energy ﬂux at the star's surface) for the Sun over the course of a
solar cycle (grey points) and for the stars α Cen B (light blue), ϵ Eri (dark blue), AD Leo (green), AU Mic (quiescent syntheঞc case in
cyan; ﬂaring syntheঞc case in red and observaঞons in purple) and AB Dor (orange). Square markers correspond to points determined
from the syntheঞc spectra. Open circles represent points calculated using observaঞons for FX and syntheঞc spectra for FEUV. The
ranges indicated by horizontal / verঞcal bars include both variability in the X-ray observaঞons due to stellar acঞvity and uncertainঞes
in the stellar radii (as given in Table 2.3). For AU Mic, the verঞcal range indicated in purple also contains variaঞons inFEUV, originaঞng
from the quiescent and ﬂaring syntheঞc spectrum determined for this star. Solar observaঞons are obtained from daily TIMED/SEE
measurements between 30 May 2002 and 16 Nov 2013, each grey dot represenঞng a daily averaged observaঞon. The thick black line
is a power law ﬁed to the solar observaঞons (see Equaঞon 2.6), 95% conﬁdence intervals are represented by thin black lines. The
area delimited by grey, dashed lines represents the largest possible extent of solar points if X-ray and EUV ﬂuxes are taken at diﬀerent
ঞmes during the solar cycle.
represents the largest possible uncertainty due to non-contemporaneous X-ray and EUVmeasurements
for a star with an activity cycle of similar amplitude to that of the Sun. As such, it is most likely to be an
overestimation of this effect for the other stars represented in Fig. 2.17.
To determine the response of a gas-giant thermosphere to irradiation by a scaled solar spectrumversus
the ‘true’ stellar spectrum (represented in this study by the synthetic spectrum from the coronal model),
I determine scaling factors to apply to the solar spectrum to match emissions from each of the three stars
of interest - ϵ Eri, AD Leo and AUMic - based on both the X-ray and EUV wavebands. I define f ∗X and
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f ∗EUV, the ratio of stellar-to-solar surface fluxes, for the X-ray and EUV range (respectively):
f ∗X = F
∗
X/F
⊙
X , (2.8)
f ∗EUV = F
∗
EUV/F
⊙
EUV , (2.9)
and α the ratio of a given star’s EUV to X-ray flux, is given by
α = FEUV/FX , (2.10)
where F is the flux at the surface of the star (*) or the Sun (⊙). f ∗X is determined using the X-ray lumi-
nosities given in Table 2.4 and the radius measurements from Table 2.3. α∗ can be obtained either from
using a stellar coronal model (such as that described in Section 2.3.2) or by inserting the measured X-ray
flux into Equation 2.6. Once f ∗X and α
∗ are known, f ∗EUV can be calculated as follows:
f ∗EUV = f
∗
Xα
∗/α⊙. (2.11)
In this work, α⊙ is derived using TIMED/SEE observations on 14 January 2013; I take α⊙ = 6.13. On
this day, the solar 10.7 cm flux was 154 s.f.u. (solar flux units, 1 s.f.u = 10−22 Wm−2Hz−1), so the Sun was
in an active state - close to the maximum of cycle 24. Since the aim is to replicate the spectra of stars that
are more active than the Sun, I chose to use the solar spectrum on a day uponwhich the Sun was towards
the peak of its activity.
The ratio of stellar-to-solar luminosity can be obtained by multiplying f ∗ by a factor (R∗/R⊙)2.
Thus L∗X/L
⊙
X = f
∗
X (R
∗/R⊙)2 is the factor by which to scale the solar luminosity to match a given star’s
X-ray luminosity andL∗EUV/L
⊙
EUV = f
∗
EUV (R
∗/R⊙)2, tomatch the star’s integrated EUV luminosity. The
values of these ratios and scaling factors can be found in Table 2.5 for the three stars of interest.
Fig. 2.18 compares synthetic spectra for ϵ Eri, AD Leo and AU Mic (in blue) to scaled solar spectra
using the scaling factors from Table 2.5. The non-scaled solar spectrum is shown, for comparison, as a
solid black line. Two scaled solar spectra are constructed for each star. The first (dashed, black line) is
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Table 2.5: Surface ﬂux and luminosity raঞos for the diﬀerent stars. The solar ﬂuxes are obtained from the TIMED/SEE daily average
observaঞon on 14 January 2013. X-ray ﬂuxes for the other stars (ϵ Eri, AD Leo and AU Mic) are those used in the coronal model and
the EUV ﬂuxes are obtained from the resulঞng syntheঞc spectra. Only the quiescent case for AU Mic is listed. The parameters given
are: f∗X = F ∗X /F
⊙
X ; f∗EUV = F ∗EUV/F
⊙
EUV; L∗X/L
⊙
X = f
∗
X (R
∗/R⊙)2; L∗EUV/L
⊙
EUV = f
∗
EUV (R
∗/R⊙)2; α = FEUV/FX (see text,
Secঞon 2.3.4, for more details).
FX (surface flux) f ∗X L
∗
X/L
⊙
X f
∗
EUV L
∗
EUV/L
⊙
EUV α
[mW/m2]
Sun 2.96× 104 1 1 1 1 6.13
ϵ Eri 6.70× 105 22.7 12.4 4.72 2.58 1.28
AD Leo 5.95× 106 201 33.8 12.1 2.03 0.370
AUMic (qsc) 8.92× 106 302 140 16.5 7.63 0.334
based on just one scaling factor: the entire XUV region is scaled using the star’s X-ray luminosity alone
(scaling factor of f ∗X (R
∗/R⊙)2 for wavelengths between 0.1 nm and 92 nm). For the second (in red),
separate scaling factors, as obtained fromthe coronalmodels, for theX-ray (f ∗X (R
∗/R⊙)2 forwavelengths
between 0.1 nm and 12 nm) andEUV (f ∗EUV (R
∗/R⊙)2 forwavelengths between 12 nmand 92 nm) regions
are used. Constructing the scaled spectra using values ofF ∗X andF
∗
EUV from the coronalmodel (rather than
using equation 2.6), allows one to assess solely the effects of different spectral energy distributions (SEDs)
on the deposition of stellar radiation in upper planetary atmospheres – the integrated flux in the XUV
being conserved, by construction, between the synthetic and the scaled solar spectra (using two scaling
factors).
Scaling the entire XUV region based on f ∗X – as has been done in previous upper planetary atmo-
sphere studies – gives a large overestimate of the stellar energy output in the EUV wavelength band for
active stars (see black, dashed line in Fig. 2.18). Fluxes at 1 AU in the X-ray, EUV and XUV bands, deter-
mined using the differentmethods discussed here are provided in Table 2.6. For the case of ϵ Eri, the solar
spectrum scaled using just an X-ray scaling factor gives a flux at 1 AU of 57 mW/m2 integrated over 0.1 –
92 nm, compared to 18 mW/m2 predicted by the coronal model. The difference is even larger for the two
other, more active stars. The X-ray scaling method gives 155 mW/m2 and 642 mW/m2 at 1 AU, compared
to 30 mW/m2 and 119 mW/m2 predicted by the coronal model, for AD Leo and AUMic (quiescent), re-
spectively (see Table 2.6). On the other hand, using the power law from Equation 2.6 to estimate EUV
fluxes based upon measured X-ray fluxes gives values far closer to those predicted by using the coronal
model.
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Figure 2.18: Comparison of syntheঞc spectra to scaled solar spectra. The solar spectrum used (ploed in a solid, black line) is the daily
averaged observaঞon from TIMED/SEE on 14 January 2013. This solar spectrum is scaled in two diﬀerent ways. Firstly, shown in
dashed black lines, the solar spectrum is scaled according to a single scaling factor applied to the enঞre represented wavelength range
and derived in such a way that the scaled solar ﬂux in the X-ray band matches that of the syntheঞc spectrum. Secondly, represented
in red, the solar spectrum is scaled using one scaling factor for the X-ray band and another for the EUV such that the integrated ﬂux
of the scaled spectrum matches that of the syntheঞc spectrum over the enঞre represented wavelength range (XUV). These scaled
spectra, derived for each star, are to be compared to the syntheঞc spectra, ploed in blue.
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Table 2.6: Stellar ﬂuxes at 1 AU [mW/m2] for ϵ Eri, AD Leo and AU Mic in a quiescent state. Values are given for observaঞons in the
X-ray band, the syntheঞc spectra from the coronal model, EUV ﬂux esঞmaঞons using the power law (Equaঞon 2.6), and esঞmaঞons
using the X-ray scaling method. Observaঞonal X-ray ﬂuxes for ϵ Eri and AD Leo are the mean values from the observaঞons listed in
Table 2.4. For AU Mic in the quiescent state, the lowest ﬂux measurement is used. The power law is used to determine EUV ﬂuxes
based upon observed X-ray ﬂuxes.
FX FEUV FXUV = FX + FEUV
obs. syn. syn. pwr law syn. pwr law X-ray scal.
ϵ Eri 7.4 7.9 10.1 11.6 18 19 57
AD Leo 15.6 21.6 8.4 10.9 30 26.5 155
AUMic qsc 89.3 89.3 29.7 45.8 119 135 642
Quite significant differences are present between the spectral shapes of the Sun and the other stars.
Most noticeably, there is a large energy excess in the scaled solar spectra between 5 and 12 nm and a deficit
between 12 and 16 nm. Many of these differences can be explained by the higher activity levels of AU
Mic, AD Leo and ϵ Eri which are all younger than the Sun (see Table 2.3). This can be seen in Fig. 2.19,
which compares the synthetic spectra for these stars with observations of solar analogues of various ages,
observed during the ‘Sun in Time’ program [Ribas et al., 2005]. The solar X-ray spectrum is shown in
blue at solarmaximum (solid line) and solarminimum (dotted line). It is taken from theXPS instrument
on TIMED/SEE and so is based upon the CHIANTImodel driven by broadband observations (see Sec-
tion 2.1.1). The more active stars have overall higher fluxes than the ‘quiet’ Sun, but as can also been seen
in Fig 2.18, the spectral shapes are also different. The spectra of ϵ Eri, AD Leo and AU Mic all have a
similar shape to that of the young solar analogue EKDra - this is especially noticeable for the case of AU
Mic, where, in addition, the absolute flux levels are very close. The spectral shape of the solar spectrum
resembles much more closely the spectrum of 1.6 Gyr-old β Com. I am therefore confident that these
differences in spectral shape are mainly due to the stellar age and not an effect of the coronal model itself.
I have obtained XUV spectra for three low-mass stars in this chapter, using a coronal model as well as
different scalings of the solar spectrum to attempt tomatch the stellar spectrumwhere it is not observable.
In the following chapters, I shall test the effects of all of these various methods to obtain stellar spectra
when such stars irradiate a gas-giant atmosphere. The effect on the thermosphere shall be studied in
Chapter 3 and the effect on the ionosphere in Chapter 4. A brief study on the response of extrasolar
gas-giant atmospheres to flaring shall be discussed in Section 4.3.5, where I focus in particular on planets
irradiated by a star such as AU Mic. Indeed, J. Sanz-Forcada has been able to provide me with a flaring
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listed in Table 3. All the observations described here, from both
our guest observer programs and public data sets, were down-
loaded from the HEASARC5 and MAST6 archives.
3.1. X-Rays: ASCA and ROSAT
A key aspect of the study is the transformation of the in-
strumental fluxes into absolute fluxes, which is especially crit-
ical for the X-ray data. The observations obtained with ASCA
and ROSAT are not naturally in absolute flux units and have to
be compared with a physical plasma emission model to perform
the calibration. The ASCA observations were obtained with the
SIS0 and SIS1 detectors (Tanaka et al. 1994), and pointed ob-
servations with the PSPC (Briel & Pfeffermann 1995) were used
with ROSAT. We reduced the X-ray data in the classical manner
with the XSELECT, version 2.2, and XSPEC, version 11.3.0,
packages within FTOOLS. Then, as is commonly done for co-
ronal emissions (such as those from our solar analogs), we con-
sidered a multi-Te plasma and ran a !
2 optimization fit with the
MEKAL model (Mewe et al. 1995). In this procedure we fol-
lowed exactly the same prescriptions as in Gu¨del et al. (1997b)
and adopted plasma models with two and three components (ob-
taining results entirely consistent with this earlier study). Then,
absolute fluxes were calculated from the best-fitting model with
the aid of the XSPEC package. A correction for the H i column
density using the values given in Table 1 was also included. A plot
comparing theX-ray fluxes (ASCA andROSAT ) for the target stars
is shown in Figure 1, where large differences (of up to a thousand-
fold) become evident. Note that !1 Ori had only ROSAT ob-
servations taken with the boron filter (see footnote to Table 3). We
decided not to use these here because of some calibration issues.
Gu¨del et al. (1997b), however, did analyze these data and ob-
tained nearly the same parameters as those for "1 UMa (see their
Tables 3 and 5), as expected from their similar ages.
3.2. EUV: EUVE
EUVobservations of some of the targets were carried out as
part of the EUVE mission (Malina & Bowyer 1991). In this
TABLE 3
Observation Dates and IDs for All Data Sets Used in This Investigation
Date Obs ID Date Obs ID Date Obs ID
Target ASCA ROSAT a EUVE
EK Dra ....................... 1994 May 24 22012000 1993 Oct 19 rp201474n00 1995 Dec 6 ek_dra__9512061129
"1 UMa ...................... 1993 Nov 13 21018000 1993 Oct 5 rp201472n00 1998 Nov 30 3_uma__9811301325
. . . . . . . . . . . . 1998 Dec 5 3_uma__9812050029
!1 Ori ......................... . . . . . . . . . . . . 1993 Jan 26 chi1_ori__9301261159
#1 Cet ......................... 1994 Aug 16 22013000 1993 Jul 27 rp201473n00 1994 Oct 13 kappa_cet__9410131500
. . . . . . . . . . . . 1995 Oct 6 kappa_cet__9510061036
$ Com........................ . . . . . . 1993 Jun 17 rp201471n00 . . . . . .
$ Hyi.......................... . . . . . . 1991 Apr 21 rp200071n00 . . . . . .
Target FUSE HST IUE
EK Dra ....................... 2002 May 14 C1020501 . . . . . . 1992 May 31 SWP 44817
"1 UMa ...................... 2001 May 12 B0780101 . . . . . . 1980 Mar 28 SWP 08582
. . . . . . . . . . . . 1990 Oct 12 SWP 39813
!1 Ori ......................... . . . . . . 2000 Mar 10 o5bn02010 1990 Feb 1 SWP 38108
. . . . . . 2000 Mar 10 o5bn02020 1984 Apr 3 SWP 22408
#1 Cet ......................... 2000 Sep 10 A0830301 2000 Sep 19 o5bn03050 1994 Sep 14 SWP 52115
. . . . . . 2000 Sep 19 o5bn03060 1994 Aug 16 SWP 51829
. . . . . . . . . . . . 1994 Aug 16 SWP 51831
$ Com........................ 2001 Jan 26 A0830401 . . . . . . 1982 Feb 11 SWP 16313
. . . . . . . . . . . . 1979 Aug 14 SWP 06179
$ Hyi.......................... 2000 Jul 1 A0830101 . . . . . . 1979 Dec 18 SWP 07430
. . . . . . . . . . . . 1979 Dec 3 SWP 07307
. . . . . . . . . . . . 1994 May 14 SWP 50765
. . . . . . . . . . . . 1992 Mar 13 SWP 44168
a EK Dra, !1 Ori, #1 Cet, and $ Hyi have ROSAT observations using the boron filter but were not used here.
Fig. 1.—X-ray spectral irradiances (flux density at 1 AU vs. wavelength),
covering different stages of the evolution of solar-type stars. The plot represents
the fluxes in 1 8 bins as predicted by multi-T plasma fits to ASCA and ROSAT
observations (see text). Note the very large differences between young and old
solar-type stars of up to a factor of 1000. [See the electronic edition of the Jour-
nal for a color version of this figure.]
5 See http:// heasarc.gsfc.nasa.gov.
6 See http://archive.stsci.edu.
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a
b
c
G stars from Ribas et al. (2005) 
Sun, max, TIMED/SEE 
Sun, minimum, TIMED/SEE 
ε Eri, coronal model 
AD Leo, coronal model 
AU Mic, coronal model
a - c
Figure 2.19: Stellar X-ray ﬂux densiঞes at 1 AU. In black are represented observaঞons of stars from the Sun in Time program (adapted
from Fig. 1 of Ribas et al. [2005]), these are solar analogues of diﬀerent ages, indicated by the following leers: a. EK Dra (0.1 Gyr),
b. β Com (1.6 Gyr), c. β Hyi (6.7 Gyr). The solar spectrum, from TIMED/SEE is shown in a solid, blue line at solar maximum and in a
doed line at solar minimum. Syntheঞc spectra are ploed for ϵ Eri (green), AD Leo (yellow) and AU Mic (red).
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synthetic XUV spectrum for this star.
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3
Thermosphere
This chapter describes the neutral atmospheres of hypothetical EGPs orbiting the low-mass stars ϵ Eri,
AD Leo, and AUMic, the high-energy emissions of which are detailed in Chapter 2. The thermospheric
model of Koskinen et al. [2013a,b, 2014] is used to generate the thermospheric profiles under stellar radi-
ation (see Section 3.1). We first use this model to study the case of gas giants orbiting solar-type stars (see
Section 3.2). This case has been studied previously by Koskinen et al. [2014], but it is important to review
before building upon it and looking into planets irradiated by low-mass stars that are more active than
the Sun. For this we use synthetic stellar spectra (see Section 3.3) and scaled solar spectra (see Section 3.4).
Lastly, in Section 3.5, we determine mass loss rates for all of these atmospheres.
For the work presented in this chapter, I worked closely with Tommi Koskinen (LPL, University of
Arizona, Tucson, USA). I led the choice of numerical experiments and provided him with the inputs
(stellar spectrum and orbital distance) for each run of the thermospheric model, he adapted the code
to work correctly under the conditions that I required and provided me with the run outputs. I then
analysed and interpreted the results. We published the results of this collaboration in Chadney et al.
[2015].
85
3.1 Thermospheric model
We use the one-dimensional thermospheric EGP model developed by Koskinen et al. [2013a,b, 2014] to
calculate the number density, velocity, and temperture profiles in the upper atmospheres of planets irra-
diated by the different stellar spectra discussed in Chapter 2. In all simulations the planetary parameters
ofHD209458b are used (radiusRp = 1.32RJupiter, massMp =0.69MJupiter). More details on observations
and previous studies of this exoplanet are given in Section 1.3.2. The model solves the vertical equations
ofmotion from the 10−6 bar level up to the exobase for a fluid composed ofH,H2, andHe, as well as their
associated ions H+, H+2 , H
+
3 , He
+, andHeH+. The chemical reactions considered are listed in Table 3.1.
3.1.1 Fluid equations
The continuity equation, that expresses the conservation of particles, is solved for each neutral and ion
species s, providing their number density ns:
∂ns
∂t
+
1
r2
∂
∂r
(r2Φs) = Ps − Ls (3.1)
with Φs = nsvs, the radial transport flux, vs is the radial velocity of species s, Ps is the chemical pro-
duction rate of s and Ls is the chemical loss rate. The second term of the LHS of Equation 3.1 is the
divergence of the transport flux, representing the production and loss of particles due to transport.
The equations of motion and energy are solved for a single-fluid atmosphere, where ρ =
∑
s ρs is
the total mass density, p is the total pressure and v is the radial velocity of the fluid, defined as the mean
velocity of all the species, weighted by their mass density:
∂(ρv)
∂t
+
1
r2
∂
∂r
(r2ρv2) = −ρg − ∂p
∂r
+ Fµ (3.2)
∂(ρE)
∂t
+
1
r2
∂
∂r
(r2ρEv) = ρQR − p 1
r2
∂
∂r
(r2v) +
1
r2
∂
∂r
(
r2κ
∂T
∂r
)
+ Φµ (3.3)
where Fµ is a force term due to viscous acceleration, E = cvT is the specific internal energy, QR is the
specific net radiative heating rate, κ is the coefficient of heat conduction andΦµ is the viscous dissipation
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function. The inertial terms on the LHS of the momentum equation (Equation 3.2) are balanced by
the gravitational force, the pressure gradient and viscous acceleration forces on the RHS, respectively.
This equation corresponds to the radial component of the momentum equation, expressed in spherical
coordinates. The energy equation (Equation 3.3) expresses the net rate of change in energy on the LHS
of the equation with, on the RHS, the net radiative heating rate (including heating from the absorption
of stellar radiation and cooling from radiative emissions), compressional heating, divergence of the heat
flow (q = κ ∂T/∂r) and heating due to viscous dissipation.
We use a fixed heating efficiency of 93% for photoelectrons in all of our simulations. In reality the
photoelectron heating efficiency depends on the spectrum of the host star and the orbital distance, and it
can also change with altitude in the atmosphere [e.g., Koskinen et al., 2013a]. The purpose of this work,
however, is not to exactly model the temperature and density profiles around active stars, but rather to
study the relative differences in EGP atmospheres resulting from differences in the assumedXUV spectra
of their host stars.
For the one-dimensionalmodel, the stellar flux is divided by a factor of 4 in order to obtain an average
over the entire planet. The validity of this assumption is tested by comparing results to that of the full
3D GCM of Koskinen et al. [2010]. This test was performed for a gas giant orbiting a solar-like star at a
distance of 1 AU.The resulting temperature profiles are plotted in Fig. 3.1. The planetmodelled in the 3D
case (temperature profile shown in a dotted line) is assumed to rotate with a period of 24 hours. There are
some differences with the result from the 1Dmodel (solid line) but these are minimal compared with the
uncertainties when dealing with exoplanets. Furthermore, we are not studying a particular exoplanet but
rather exploring parameter space, so a simpler one-dimensional model is more appropriate to this work.
3.1.2 Lower boundary
The lower boundary at 10−6 bar is assumed to correspond either to the homopause or to the level atwhich
other molecules, such asH2O, CO, or CH4, dissociate so that these species can be excluded from the sim-
ulations [Koskinen et al., 2014]. This assumption is based upon calculations by Lavvas et al. [2014]. The
H2/H ratio at the lower boundary is in thermal equilibrium determined by the equilibrium temperature
of the planet for a given orbital distance. Conditions at the lower boundary are determined using the
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Figure 3.1: Comparison of temperature proﬁles in the thermosphere of a planet orbiঞng a solar-type star at 1 AU, obtained from the
3D model of Koskinen et al. [2010], shown in a doed line, with that obtained from the 1D model of Koskinen et al. [2014], ploed
with a solid line. Plot created by T. Koskinen (pers. comm., 2013).
photochemical model of Lavvas et al. [2014]. This is a one-dimensional photochemical model that calcu-
lates the composition of gas giant atmospheres at high temperatures. It has been adapted from a model
originally designed to studyTitan’s atmosphere [Lavvas et al., 2008a,b]. T-P profiles used by Lavvas et al.
[2014] in the lower atmosphere are obtained from Sudarsky et al. [2003] and Burrows et al. [2004] for
given orbital distances. The eddy diffusion coefficientK is based on the simple scaling described inKosk-
inen et al. [2010]. ConsideringK ∼ vτHp, where vτ is the characteristic turbulent velocity, a value for
the eddy diffusion coefficient in EGPs is derived from values measured at Jupiter (KJ ):
K =
(
vτ
vτJ
)(
gJ
g
)(
T
TJ
)
KJ . (3.4)
An example of composition resulting from the Lavvas et al. [2014] model is plotted in Fig. 3.2 for
the EGP HD209458b. Heavy species are confined to higher pressures. However, some molecules not
taken into account in the thermospheric model are present between 10−6 bar and 10−7 bar, such as CO,
N2 and H2O. These pressures are above the lower boundary of the thermospheric model and therefore
our calculations might not provide valid results at these pressures.
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Figure 3.2: Mole fracঞons determined by the Lavvas et al. [2014] photochemical model for HD209458b. Reproduced with permission
from the American Astronomical Society (AAS) and Panayoঞs Lavvas, copyright 2014 [Lavvas et al., 2014].
3.1.3 Upper boundary
The fluid equations used in the thermospheric model (Equations 3.1, 3.2 and 3.3) are a simplification of
the kinetic equations valid whenKn≪ 1. Kn is the Knudsen number,
Kn =
λ
L
, (3.5)
where λ is the mean free path and L is a representative length scale for changes in the thermospheric
profiles. WhenKn reaches 1, the mean free path becomes comparable to the characteristic length scale
and the continuum assumion of fluid mechanics is no longer valid. Thus, the fluid equations are gen-
erally considered to be valid up until the exobase (where Kn ∼ 1), however at some point above the
exobase they will no longer be applicable and so the escape boundary conditions applied at the top of
the atmosphere need to be consistent with kinetic theory [Volkov et al., 2011a,b]. Therefore, at the upper
boundary the model uses either Jeans or modified Jeans boundary conditions at the exobase, depending
on the value of the thermal escape parameterX [e.g., Hunten, 1973], or outflow boundary conditions for
close-in EGPs under hydrodynamic escape. X is defined as the ratio between gravitational and thermal
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energy of a particle of massm:
X =
GMpm
kTrexo
, (3.6)
where rexo is the altitude of the exobase.
Volkov et al. [2011a,b] found that ifX " 6 then the escape is in the classical Jeans regime. X is deter-
mined above the layer of atmosphere heated by stellar photons. Therefore for planets orbiting far from
their stars, we assume thermal Jeans escape, where certain particles in the tail of the velocity distribution
can reach escape velocity in the collionless medium above the exobase. This type of atmospheric escape
is characterised by a slow, molecule-by-molecule escape.
IfX ! 2−3, hydrodynamic escape occurs. In this regime, the atmosphere losesmaterial according to
an organised outflow. Following Tian et al. [2008a,b] and Koskinen et al. [2014], we define the hydrody-
namic escape or rapid escape regime as the regime where the escape of the atmosphere leads to significant
(adiabatic) cooling of the upper atmosphere. For atmospheres in this regime, we apply outflow condi-
tions by extrapolating the density, temperature and velocity profiles with a constant slope. Koskinen et al.
[2013a] show that this boundary condition is compatible with kinetic theory for the case of HD209458b.
In the intermediate case, we apply themodified Jeans conditions. This means that we apply amodifi-
cation of the Jeans conditions capable of treating fast-escape, where the thermal structure of the thermo-
sphere is modified. The escape conditions in this case are determined using Equation 9 of Volkov et al.
[2011b], taking into account the ambipolar electric field as described in Koskinen et al. [2013a].
3.1.4 Photochemistry
The chemical reactions taken into account in the thermospheric model are listed in Table 3.1. One of the
most important processes in the thermosphere of EGPs is the dissociation ofH2. Indeed, withoutmolec-
ular hydrogen, the ion H+3 cannot be formed and the associated efficient cooling mechanism (through
IR emission) cannot occur (see Sections 1.3.2 and 3.2). Dissociation ofH2 in the thermosphere takes place
principally through thermal dissociation – reaction K5, which occurs rapidly at the high temperatures
found in Hot Jupiter thermospheres:
H2 +M→ 2H+M, (reaction K5)
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where M is any other species. Photo-dissociation of H2 proceeds mainly with FUV photons, which are
absorbed lower down in the atmosphere, below the altitude grid used in the thermospheric model. Ac-
cording toMoses et al. [2011], another important dissociation process in the stratosphere of EGPs is water
photolysis:
H2O+ hν → H+OH
OH+H2 → H2O+H.
Water photolysis could be an importantmechanism in the dissociation ofH2 near the lower boundary of
the thermosphere model, since H2O could be present at these altitudes (see Fig.3.2), although we do not
include H2O in the thermosphere model at present.
Despite the fact that I only use the Koskinen et al. [2013a,b, 2014]model to derive neutral densities, it
is important that thismodel also undertake a basic calculation of ion densities. Indeed, since cooling from
H+3 emissions in the IR plays such an important role in regulating the thermospheric temperature (see
Section 3.2), densities of this ion must be determined in the thermospheric model. Accurately determin-
ing the thermospheric temperature has a direct impact on the composition of the neutral thermosphere,
since the proportion of molecular to atomic hydrogen is driven by thermal dissociation of H2, through
reaction K5 with the following temperature-dependent reaction rate [Baulch et al., 1992]:
kK5 = 1.5× 10−9exp
(−4.8× 104
T [K]
)
[cm3s−1]. (3.7)
In turn, the altitude above which the thermosphere reaches a sufficient temperature to fully dissociate
H2 determines the amount of IR cooling from H+3 emission. This leads to a sharp transition in terms
of orbital distance between EGPs with cool, stable thermospheres and planets with very high tempera-
ture thermospheres. These latter undergo hydrodynamic escape (see Sections 3.2 and 3.5). Ion densities
determined by the thermospheric model are provided in Appendix B.
3.1.5 Model runs
We have performed thermospheric model runs at orbital distances of 0.1, 0.2, 0.5, and 1 AU, using the
different stellar spectra described in Section 2.3, i.e., synthetic spectra for the stars ϵ Eri, AD Leo and AU
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Table 3.1: Chemical reacঞons used in the thermospheric model, adapted from Koskinen et al. [2007a]. The reacঞon rates are in units of
cm3s−1 for two-body reacঞons and cm6s−1 for three-body reacঞons. Photo-ionisaion rates (reacঞons K1--4) are opঞcally thin values
in units of s−1, determined at 1 AU using the TIMED/SEE solar spectrum from 14th January 2013. For a discussion of the rate of
reacঞon K7 see Secঞon 4.1.3.
# Reaction Reaction rate Reference
K1 H2 + hν → H+2 + e− 1.08× 10−7 Backx et al. [1976],
Kossmann et al. [1989a],
Chung et al. [1993],
Yan et al. [1998]
K2 H2 + hν → H+ +H+ e− 4.87× 10−9 Chung et al. [1993],
Dujardin et al. [1987],
Kossmann et al. [1989b],
Yan et al. [1998]
K3 H+ hν → H+ + e− 9.85× 10−8 Verner et al. [1996]
K4 He+ hν → He+ + e− 1.22× 10−7 Verner et al. [1996]
K5 H2 +M→ 2H+M 1.5× 10−9exp(−4.8× 104/T ) Baulch et al. [1992]
K6 2H+M→ H2 +M 8.0× 10−33(300/T )0.6 Ham et al. [1970]
K7 H+ +H2(ν ≥ 4)→ H+2 +H 1.0× 10−9exp(−2.19× 104/T ) Yelle [2004] estimated
K8 H+2 +H2 → H+3 +H 2.0× 10−9 Theard and Huntress [1974]
K9 H+ +H2 +M→ H+3 +M 3.2× 10−29 Kim and Fox [1994]
K10 He+ +H2 → H+ +H+He 1.0× 10−9exp(−5.7× 103/T ) Moses and Bass [2000]
K11 He+ +H2 → H+2 +He 9.35× 10−15 Anicich [1993]
K12 H+3 +H→ H+2 +H2 2.0× 10−9 Yelle [2004] estimated
K13 H+2 +H→ H+ +H2 6.4× 10−10 Karpas et al. [1979]
K14 H+ + e− → H+ hν 4.0× 10−12(300/Te)0.64 Storey and Hummer [1995]
K15 H+2 + e
− → 2H 2.3× 10−7(300/Te)0.4 Auerbach et al. [1977]
K16 He+ + e− → He+ hν 4.6× 10−12(300/Te)0.64 Storey and Hummer [1995]
K17 H+3 + e
− → H2 +H 2.9× 10−8(300/Te)0.64 Sundström et al. [1994]
K18 H+3 + e
− → 3H 8.6× 10−8(300/Te)0.64 Datz et al. [1995]
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Table 3.2: Parameters of the thermospheric model runs. The scaled spectra are composed of the solar TIMED/SEE observaঞon (from
14 Jan 2013) scaled by either one scaling factor, f∗X for the X-ray scaled case or by two scaling factors, f∗X for λ ∈ [0.1; 12] nm and
f∗EUV for λ ∈ [12; 92] nm for the EMD-scaled and parametrised cases. Speciﬁc scaling factors for each case are given in Table 2.5. pmax
is the pressure at the lower boundary. a is the orbital distance.
Star Spectrum pmax a [AU] other
Sun observation (TIMED/SEE) 1µbar 0.1, 0.2, 0.5, 1.0 –
ϵ Eri synthetic 1µbar 0.2, 0.5, 1.0 –
synthetic 1mbar 0.2 –
synthetic 1mbar 0.2 H+3 cooling disabled
synth. + obs. (EUVE) 1µbar 0.5, 1.0 –
X-ray scaled 1µbar 0.5, 1.0 –
EMD-scaled 1µbar 1.0 –
AD Leo synthetic 1µbar 0.1, 0.2, 0.5, 1.0 –
X-ray scaled 1µbar 0.5, 1.0 –
EMD-scaled 1µbar 1.0 –
parametrised 1µbar 1.0 –
AUMic synthetic 1µbar 0.2, 0.5, 1.0 –
X-ray scaled 1µbar 0.5, 1.0 –
EMD-scaled 1µbar 1.0 –
Mic; a solar spectrum from TIMED/SEE measurements on 14th January 2013, and solar spectra scaled
in two different ways: using either one (f ∗X) or two (f
∗
X and f
∗
EUV) scaling factors to match the integrated
flux from the K and M stars over different wavelength bands (see Section 2.3 for more details on the
scaling of the solar spectrum). As input to the thermospheric model, we use stellar and solar spectra
binned to 1 nm resolution, as opposed to the ionospheric model, where we need to use much higher
resolution stellar spectra (∆λ = 0.01 nm), since we use high resolution photo-absorption cross-sections
(see Chapter 4). Given that dissociation ofH2 operates mainly thermally and that the contribution from
photo-dissociation is minimal, high resolution photo-absorption cross-sections are not essential to the
thermospheric model.
The setup of each simulation that we have run with the thermospheric model is detailed in Table 3.2.
The results obtained from each of these runs are described in Sections 3.2, 3.3 and 3.4. Additional plots
of neutral densities determined with the thermospheric model are provided in Appendix A.
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Figure 3.3: Temperature proﬁles as a funcঞon of pressure for planets orbiঞng a solar-like star at a distance of 1 AU (black), 0.5 AU
(orange), 0.2 AU (blue) and 0.1 AU (green).
3.2 Planets orbiting solar-type stars
Absorption of stellar XUV radiation in the thermosphere produces the temperature profiles given in
Fig. 3.3, for planets orbiting a Sun-like star. We use the daily averaged spectrum from TIMED/SEE ob-
served on 14 January 2013. There are two distinct regimes of EGP atmospheres depending on the level of
solar flux: planets orbiting far from their host star have ‘stable’ atmospheres that undergo relatively slow
Jeans escape, whereas close-in planets undergo hydrodynamic escape and lose mass faster. We find that
the transition between the two regimes is located between 0.2 AU and 0.5 AU for planets orbiting the
Sun, in agreement with Koskinen et al. [2014].
The thermospheric temperature profile for a gas giant at 1 AU, orbiting a Sun-like star (black line in
Fig. 3.3) is qualitatively similar to the corresponding temperature profile in the thermosphere of the Earth.
The temperature increases with altitude in the region where stellar EUV energy is deposited, principally
between 100 and 0.1 nbar. Above this region, heating from solar photons is balanced by conduction,
giving an isothermal layer just below the exobase. In this case the exobase is located at 3× 10−3 nbar. A
similar picture emerges at 0.5 AU, where the atmosphere is still in the ‘stable’ regime for giant planets
orbiting the Sun (see orange line in Fig. 3.3). The enhanced solar flux (compared to 1 AU) increases the
exospheric temperature to 2800 K, up from 1500 K. The atmosphere is also significantly more extended
than at larger orbital distances, the exobase now being located at a pressure of 2 × 10−6 nbar. We note
that themodel thermospheres at 1 AU and 0.5 AU are substantially cooled by infrared, thermal emissions
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Figure 3.4: Densiঞes of the neutral species with pressure calculated for a planet orbiঞng the Sun at 1 AU (a) and 0.2 AU (b).
from the H+3 ion around the EUV heating peak, helping to preserve the stability of the atmosphere.
Such emissions have been detected repeatedly from solar system giant planets [e.g., Drossart et al., 1989,
Stallard et al., 2008b,Miller et al., 2010, Melin et al., 2013] and recent results indicate that H+3 may in fact
be the dominant ion in the low-to mid-latitude ionosphere of Saturn instead of H+ [e.g., Galand et al.,
2009,Müller-Wodarg et al., 2012] (see Section 1.3.1). The effect of this cooling is visible in the temperature
profile at 0.5 AU as a reduction in the temperature gradient at a pressure of around 2 nbar.
As the hypothetical planet is moved closer to the Sun, its atmosphere begins to undergo hydrody-
namic escape – see the 0.2 AU and 0.1 AU cases in Fig. 3.3. This is because high temperatures and in-
creasing stellar flux lead to a high level of dissociation of H2 and other molecules in the thermosphere,
thus removing efficient molecular coolants, such as H+3 . As a result, the temperature profile differs sig-
nificantly from the Jeans escape regime: a very high peak temperature is attained – 10,500 K at 0.2 AU;
11,200 K at 0.1 AU – followed, at higher altitudes, by a decrease in temperature due to rapid escape and
the associated adiabatic cooling.
Fig. 3.4 shows the density profiles of the three neutral species H, H2, and He. Both panels represent
results for a planet orbiting the Sun, at 1 AU in Fig. 3.4a and at 0.2 AU in Fig. 3.4b. In the ‘stable’ atmo-
sphere of the left panel, neutral densities drop off as a function of the molecular weight of each species
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above the homopause. This is as expected, since we are modelling the heterosphere, where the degree
of mixing is no longer sufficient to ensure constant mixing ratios with altitude and diffusive separation
takes place. Thus, H2 is present in significant quantities throughout the upper atmosphere, allowing for
the formation of H+3 and cooling through IR emission. At the high temperatures and stellar fluxes ex-
perienced by close-orbiting planets, such as the case represented in Fig. 3.4b, H2 undergoes thermal and
photo-dissociation (see Koskinen et al. [2010]) and is thus confined to the lower region of the model al-
titude grid (p " 3 nbar in the case in Fig. 3.4b). At higher altitudes, atomic H is the dominant species.
Note that, at low pressures, the slope of the He density is the same as that of H, meaning that the two
species are no longer diffusively separated. Escaping H is thus dragging He with it. Another feature to
note is the sharp change in slope in the He density profile; this is due to competition between advection
and diffusion timescales in the model.
3.3 Planets orbiting other low-mass stars
3.3.1 Escape regimes
Fig. 3.5 shows the temperatures profiles from simulations of EGPs orbiting stars with spectra as calculated
for ϵ Eri, AD Leo and AU Mic. Synthetic stellar spectra are used for these simulations. The effects of
higherXUV fluxes in all of these stars compared to the Sun can be seen in the thermospheric temperature
profiles. As for the case of planets orbiting a Sun-like star (see Fig. 3.3), two distinct atmospheric regimes
are predicted. There is a ‘stable’ regime, where the temperature in the thermosphere increases in the EUV
heating layer before reaching an isothermal region at the exospheric temperature. Close-orbiting planets
undergo hydrodynamic escape; the temperature profiles of these planets display a very large temperature
peak, above which is a region of declining temperature caused by adiabatic expansion of the atmosphere.
Due to the higher stellar fluxes, the transition from the ‘stable’ regime to hydrodynamic escape occurs
further away from the star than in the solar case. This transition takes place between 0.5 AU (orange
lines) and 1 AU (black lines) for planets orbiting stars such as ϵ Eri and AD Leo, and in the case of AU
Mic, a gas giant orbiting at 1 AU (black lines) is already in the rapid escape regime. In terms of coronal
emissions, ϵ Eri and AD Leo are very similar stars, despite having very different effective temperatures.
Thus, the quantity of XUV energy emitted by the star determines the orbital distance of the transition
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to hydrodynamic escape.
Note the reduction in the temperature gradient at around 1–2 nbar in EGPs orbiting at 1 AU around
ϵ Eri and AD Leo (black lines). Just as with the case of a planet orbiting at 0.5 AU (orange lines) around
a Sun-like star (see Fig. 3.3), this is indicative of IR cooling through H+3 emissions.
In planets undergoing hydrodynamic escape, the closer the planet is to its host star, the higher the
pressure of the temperature peak. This is visible in the temperature profiles in Fig. 3.5. This effect is
due to the location of the H2/H dissociation height, i.e., the location in the atmosphere at which the
temperature and stellar flux conditions are high enough that most H2 is converted into H. Above this
region, only atomicH is present and soH+3 cannot form. At higher levels of stellar irradiation (at smaller
orbital distances),H2 is fully dissociated lower in the atmosphere,meaning that any IR cooling is confined
to lower altitudes (i.e., higher pressures).
3.3.2 Validation of synthetic spectra
For certain stars of our sample – such as ϵ Eri – there are good EUVE observations for wavelengths be-
tween about 10 and 40 nm. This is an important waveband for upper planetary atmospheres, since it
contains the strongest emission line in the XUV, i.e., He II at 30.4 nm (at least in the solar spectrum).
In addition, the gradient of the photo-absorption cross-section is high in this wavelength region, mean-
ing that photons of these wavelengths are absorbed over a large slice of altitude. Therefore, we test the
validity of using the synthetic stellar spectra described in Section 2.3.2 by comparing results using the
thermospheric model with EUVE observations, in the case of ϵ Eri.
We construct the input spectrum by taking the synthetic spectrum for ϵ Eri and replacing the wave-
lengths from 10 to 37 nm by EUVE observation 9509051851N, taken on 5th September 1995. The temper-
ature profiles obtained from the thermospheric model run for planets at 1 AU – in the ‘stable’ regime –
and at 0.5 AU – in the ‘fast-escape’ regime – are plotted in Fig. 3.6. At a resolution of∆λ = 1 nm, the
flux levels recorded by EUVE are slightly below those predicted by the coronal model inmost wavelength
bins (see Fig. 2.16) –with the notable exception of the 30–31 nmbin (containing theHe II line), where the
flux from the synthetic spectrum is 3% higher than that from the EUVE observation. Over the 10–37 nm
range, the luminosity recorded by EUVE is 1.75×1021W,whereas the coronalmodel predicts 2.19×1021W.
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Figure 3.5: Temperature proﬁles as a funcঞon of pressure for planets orbiঞng ϵ Eri (a), AD Leo (b), and AU Mic (c) at a distance of 1 AU
(black), 0.5 AU (orange), 0.2 AU (blue) and 0.1 AU (green).
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Figure 3.6: Temperature proﬁles as a funcঞon of pressure in planets orbiঞng ϵ Eri at a distance of 1 AU (solid lines) and 0.5 AU (dashed
lines). The stellar spectra are constructed using either a mix of EUVE observaঞons (10 -- 37 nm) and the coronal model (in blue), or
only the coronal model (in red).
Lower luminosities in the EUVE observations imply lower upper atmospheric temperatures, which is in-
deed the case in the thermospheric model runs using EUVE observations as input spectra, as represented
by the blue lines plotted in Fig. 3.6.
For a planet orbiting at 0.5 AU, in the region at pressures below about 10−3 nbar, the temperaure
of the thermospheric model run using EUVE observations is higher than that of the run using only the
synthetic spectrum. At the longer wavelengths absorbed at these pressures in the planetary atmosphere,
we always use the synthetic spectrum. Thus the difference in temperature profiles at p < 10−3 nbar is due
to the fact that the model run using EUVE observations (in dashed red in Fig. 3.6) has not quite reached
convergence. It is however close enough to be able to obtain an idea of the differences between using
EUVE observations and the synthetic spectra.
These differences are minimal. In the case of a non-escaping atmosphere, at 1 AU from the star, the
temperature profiles are almost identical: there is a 3%difference in the exospheric temperature. There is a
larger difference in peak temperature in the hydrodynamic-escape case, where the difference is 7 %. How-
ever, this is comparable to variations that would be expected with stellar activity (there was a difference of
around 4 % between the three EUVE observations of ϵ Eri, see Table 2.4). Given also the simplifications
involved in the thermospheric model, these discrepancies are acceptable and give us confidence in using
the synthetic spectra in other stars.
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3.3.3 Highly enhanced stellar X-ray irradiance
As a very young and active star, AUMic has an X-ray flux that is far higher than that of the Sun, even in
its ‘quiescent’ state (see Table 2.5). It has an X-ray luminosity in the ROSAT band of 140L⊙X . As such, in
close-orbiting planets around this star, there is a large amount of X-ray energy absorbed below the 1 µbar
level, which we use as the lower boundary of the thermospheric model (see Section 3.1). This boundary is
chosen as the level below which heavy species are assumed to be confined, so that lowering the boundary
requires a model containing more complex chemistry.
Without changing the chemistry of the model, i.e., still only considering an atmosphere composed
of H, H2 and He, and for a planet orbiting at 0.2 AU, we run the model with the lower boundary at
an increased pressure of 1 mbar. This allows us to capture both the EUV and the X-ray heating layers.
The results of this simulation are plotted in red in Fig. 3.7. Temperature profiles are shown in the left
panel and the density of H2 is shown on the right. The latter is plotted to indicate the pressure of the H2
dissociation front, the highest pressure at which the temperature and stellar flux levels are high enough to
almost fully dissociate all H2 molecules. Both in terms of temperature and composition, the results show
a very similar picture whether the lower boundary is placed at the 1 mbar level (red curves in Fig. 3.7) or
at 1 µbar (in blue). Indeed, despite the overall increase in stellar heating, any rise in temperature due to
the absorption of X-ray photons in the region between 1 mbar and 1µbar is offset by the increase in H+3
density, meaning larger IR emissions escaping to space.
However, this picture cannot be trusted, since we have not taken into account the chemistry of heavy
O andC species that aremost likely present at pressures greater than 1µbar. These heavy species can react
to dissociate H2, leading to the loss of the IR cooling mechanism at these pressures. A simple test of this
situation is undertaken by performing another simulation with a lower boundary at 1 mbar in which we
have turned off cooling through IR emissions from H+3 – this case is shown in yellow in both panels of
Fig. 3.7. This time the resulting atmosphere looks very different to our ‘standard’ settings (with lower
boundary at 1 µbar and IR cooling switched on), plotted in blue. Without the IR cooling mechanism
fromH+3 , the high stellar X-ray flux induces a large temperature rise in the bottom part of the simulation
grid (see left panel of Fig. 3.7). Since at high temperatures, thermal dissociation of H2 is effective, the H2
dissociation front is shifted to higher pressures, as can be seen in the right panel of Fig. 3.7.
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Figure 3.7: Thermospheric model runs with diﬀerent lower boundary pressures and IR cooling opঞons for a planet orbiঞng AU Mic
at 0.2 AU. In blue is a run with our standard set of parameters (lower boundary at pmax = 1µbar) and cooling through IR emissions
from H+3 turned on. In red, the lower boundary has been lowered to pmax = 1 mbar (IR cooling sঞll switched on). In yellow, the lower
boundary is at pmax = 1 mbar and the IR cooling mechanism by H+3 has been turned oﬀ. The le[ panel shows temperature proﬁles
and the right panel shows the density of H2, indicaঞng the pressure at which this molecule is dissociated in each case.
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So for the case of planets orbiting stars with very large L∗X/L
⊙
X , such as AUMic, the results from the
thermospheric model must be taken with caution. It is possible that e.g., mass loss rates are underesti-
mated for these planets (see Section 3.5). These results highlight the need to includemore complex C and
O chemistry near the lower boundary of the thermospheric model when dealing with very active stars.
3.4 Using scaled solar spectra to estimate stellar XUV emissions
Where a full coronal model of the host star is not available, we propose using the power law provided in
Equation 2.6 and plotted in Fig. 2.17 to obtain the star’s EUV flux from observations in the X-ray (since
EUV observations are rendered very difficult by absorption in the ISM, as discussed in Section 2.3.1). In
this section, we compare outputs from the thermospheric model using stellar fluxes from the coronal
model and scaled solar fluxes. The solar flux is scaled in two different ways: using either one or two
scaling factors, as described in Section 2.3.4. The 1-scaling method involves scaling the entire solar XUV
region by a single scaling factor to match the observed stellar X-ray flux. We shall call these spectra ‘X-
ray scaled’. In stars more active than the Sun, this produces an overestimation of the stellar XUV flux,
since the EUV flux increases at a slower rate than the X-ray flux with stellar activity (see Fig. 2.17). For
this reason we derived a 2-scaling method to scale the solar flux using separate scaling factors for the X-
ray (using observations) and the EUV (using X-ray-to-EUV flux ratios predicted by the coronal model
described in Section 2.3.2 or Equation 2.6). When the EUV flux is determined using the coronal model,
we shall call the resulting scaled solar spectra ‘EMD scaled’ and when it is derived from Equation 2.6, we
shall call the method ‘parametrised scaling’. The 2-scaling case is a better approximation than the case
using a single scaling factor due to a slightly better representation of the stellar SED, but mostly because
the stellar flux is conserved over the entire XUV region, which is the waveband absorbed in the planet’s
thermosphere.
Temperature profiles for runs at 1 AU are given in Fig. 3.8. At this orbital distance, planets orbiting
ϵ Eri and AD Leo are in the stable regime and those around AU Mic undergo hydrodynamic escape,
as can be seen by the temperature profiles generated using the synthetic stellar spectra derived from the
coronal model (blue lines in Fig. 3.8). In the cases of ϵ Eri (Fig. 3.8a) and AD Leo (Fig. 3.8b), irradiating
the planet at 1 AU with the EMD-scaled spectrum (red curve) gives a temperature profile that is very
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Figure 3.8: Temperature proﬁles as a funcঞon of pressure, using as energy input the scaled solar spectra given in Fig. 2.18 (in red, green
and black dashed lines) and comparing to the syntheঞc case (in blue) for a planet orbiঞng the stars ϵ Eri (a), AD Leo (b) and AU Mic (c)
at a distance of 1 AU.
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close to that of a planet irradiated at 1 AU by the synthetic spectrum (in blue). In contrast, using the X-
ray scaled spectrum (black, dashed line) leads to a very different temperature profile. The overestimated
energy input in the EUVwaveband for the X-ray scaling case leads to a peak temperature of 11,800 K and
enhances the escape rate by a factor of 104. This is to be compared to an exospheric temperatures of only
about 2200 K predicted using the synthetic spectra.
There is a slight difference between the EMD-scaled (red lines) and the synthetic spectrum (blue lines)
in the lower portion of the altitude domain for all three stars. The temperature difference between the
two cases reaches around 180 K for ϵ Eri and 430 K for AD Leo, at a pressure of 100 nbar. This discrep-
ancy is due to the additional flux between 5 nm and 12 nmwhen scaling the solar spectrum, while it is less
in the 12 – 16 nm range (see Fig. 2.18). Indeed, despite the integrated flux in the X-ray and EUV bands
being conserved between the synthetic and EMD-scaled spectra, the relative intensities of the different
emission lines that make up the stars’ spectra differ from those of the Sun (see Section 2.3.4). Addition-
ally, the stellar flux in this wavelength range has a much larger effect on the temperature profiles than at
longer EUVwavelengths. Indeed, the photo-absorption cross-section (see Fig. 4.1) decreases rapidly with
decreasing wavelength in the 5 nm to 12 nm range and therefore photons in this spectral range deposit
their energy over a broad altitude range. This differs from longer EUVwavelengths, such as for instance,
between 40 nm and 80 nm, where the photo-absorption cross-section remains relatively constant.
For a planet orbiting AUMic (Fig. 3.8c), we predict that the upper atmosphere escapes hydrodynam-
ically at all orbital distances tested, i.e., below and including 1 AU, as represented by the blue temperature
profile determined using the synthetic spectrum for this star. In this case, there are large differences in
peak temperatures between the different approaches; the synthetic spectrum gives a peak of 7380 K, the
EMD-scaled spectrum gives a peak of 8560 K and the X-ray scaled spectrum gives a significantly higher
peak temperature of 11,790K.Despite this, we still obtain a far better approximation of the neutral atmo-
sphere by using the EMD-scaled spectrum than the simple X-ray scaling – in terms of both temperature
profile and mass loss rate (see Section 3.5).
Finally, we have tested the use of the parametrised scaling for the case of AD Leo (see green curve in
Fig. 3.8b). Amongst the three stars that we include in this study, AD Leo is the one with the largest dif-
ference in F∗EUV between the EMD scaling – where the flux values are taken at the green square in Fig 2.17
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Table 3.3: Mass loss rates m˙ [kg/s] from the top of the planet's atmosphere, for planets orbiঞng diﬀerent host stars, at various orbital
distances a.
!!!!!!!!!Host star
a
0.1 AU 0.2 AU 0.5 AU 1 AU
Sun 6.0× 106 1.2× 106 12 1.5
ϵ Eri
Synthetic – 3.4× 106 1.1× 105 20
EMD-scaled – – – 11.3
15× Sun – – 3.1× 106 3.9× 105
AD Leo
Synthetic 1.5× 107 2.9× 106 5.8× 104 11.4
EMD-scaled – – – 4.6
15× Sun – – 3.1× 106 3.9× 105
AUMic
Synthetic – 1.2× 107 1.2× 106 4.0× 104
EMD-scaled – – – 9.8× 104
200× Sun – – 4.8× 107 1.2× 107
– and the parametrised scaling – where F∗X is the same as the EMD scaling, and F
∗
EUV is determined us-
ing Equation 2.6, represented by the black line in Fig. 2.17. Since F∗X is identical between the EMD and
parametrised scalings, the temperature profiles at high pressure are very similar. The difference in F∗EUV
yields a difference of around 600 K in the exospheric temperatures between the two cases with the atmo-
spheric escape regime remaining the same. The change is therefore small compared to the X-ray scaled
case (dashed line) associated with a 11,800 K peak temperature and a change in escape regime. This not
only validates the parametrised approach when assessing thermospheric conditions, but also illustrates
the relevance of using the parametrisation proposed in Equation 2.6 when the stellar EUV flux is not
known.
3.5 Mass loss rates
One of the most interesting parameters to quantify for EGPs is the escape rate, which gives an idea of the
lifetime of a planet’s atmosphere at a given orbital distance, around a given star. Mass loss rates m˙ for each
case are given inTable 3.3. They are also shown in Fig. 3.9 where the two regimes of escape are visible. The
mass loss rate is defined as:
m˙ = 4πr2ρv. (3.8)
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Figure 3.9: Mass loss rates as a funcঞon of orbital distance, for a planet orbiঞng diﬀerent stars, as well as scaled solar cases. A
TIMED/SEE spectrum is used for the Sun (in black) and syntheঞc spectra for the other stars (solid lines). The scaled solar cases are
represented using dashed lines for the X-ray scaled spectrum and ﬁlled symbols for the EMD-scaling. The lines between points are
present only to guide the eye.
Thermal escape in the Jeans regime incurs mass loss rates of order 1 to 20 kg/s, whereas in the hydro-
dynamic escape regime, the rate jumps to 104 to 107 kg/s at the orbital distances that we have considered.
Note that even for the largest escape rate that we have calculated – for a planet orbiting ADLeo at 0.1 AU
– the planet’s atmosphere will not be significantly depleted by this mass loss; at a rate of 1.5 × 107 kg/s,
the planet will only lose 4 × 10−4 of its mass in 1 Gyr. We did not perform calculations at 0.1 AU for a
planet orbiting the more active star AUMic, due to the amount of computational time the runs require
and the fact that the results obtained for AD Leo at 0.1 AU and 0.2 AU are qualitatively very similar.
As can be seen in the temperature profiles described in Sections 3.2 and 3.3, the transition from a
stable to a hydrodynamic escape regime occurs between 0.2 and 0.5 AU for gas giants orbiting the Sun;
between 0.5 and 1 AU for those orbiting ϵ Eri andADLeo; and at a distance greater than 1 AU for planets
orbiting AUMic. Note that planets orbiting the K star ϵ Eri and the M star AD Leo possess very similar
upper atmospheres, despite these stars having very different bolometric luminosities. When using scaled
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solar spectra to approximate a star’s energy output, it is important to use EUV-specific scalings to obtain
a good estimate of atmospheric escape. This is especially true when the atmosphere is near the transition
between escape regimes. Indeed, using the EMD scaling method gives values of m˙ that are much closer
to the values based on the full synthetic spectrum (filled symbols in Fig. 3.9) than the results based on
the X-ray scaling (dashed lines). For instance, for a planet orbiting ϵ Eri at 1 AU, we estimate a mass loss
of 20 kg/s (using the synthetic spectrum). The EMD-scaled spectrum gives a good approximation of
this rate, at 11 kg/s, whereas irradiating the atmosphere with the X-ray scaled spectrum overestimates the
escape rate by 4 orders of magnitude, giving m˙ = 3.9× 105 kg/s and an atmosphere in a different escape
regime. Even in the case of a planet orbitingAUMic at 1AU,where the three different spectra used give an
atmosphere in the fast escape regime, the EMD-scaled case gives a mass loss rate of 9.8× 104 kg/s which is
far closer to the ‘best estimate’ synthetic case rate of 4.0× 104 kg/s than the X-ray scaled spectrum (giving
a mass loss of 1.2× 107 kg/s).
Note that the escape rates for planets orbiting AUMic should be taken with caution as they could be
underestimated. Indeed, the very strongX-ray flux fromthis star is absorbed in a regionbelow the altitude
grid of the thermosphere model, where interaction with C and O species could dissociated molecular
hydrogen (see Section 3.3.3). This could lead to the neutral thermosphere above 1µbar being dominated
by molecular hydrogen and losing the H+3 cooling mechanism.
3.6 Conclusion
In this chapter, we have made use of the thermospheric model of Koskinen et al. [2014] to study the up-
per atmosphere of EGPs orbiting low-mass stars. Expanding on the work of Koskinen et al. [2014] for
the Sun, we confirm the existence of two distinct escape regimes in EGPs orbiting low-mass stars: a sta-
ble atmospheric regime in planets orbiting at large orbital distances and a hydrodynamic escape regime
for planets orbiting close-in to their host stars. At large orbital distances, beyond the critical orbit (the
transition between the two regimes), stable upper atmospheres are cooled significantly by molecular IR
emissions escaping to space. In the pure H2/H/He atmosphere of this study, the dominant molecular
coolant isH+3 . Thismechanism almost vanishes at small orbital distances, where, due to the increased stel-
lar radiation received by the planet, molecular dissociation due to thermal and photo processes increases,
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preventing the balancing of stellar heating by IR cooling processes.
In systemswhere the host star ismore active than the Sun– i.e., emits higher levels ofXUVradiation–
the critical orbit is pushed further away from the star. Thus, to find stable EGPs around young stars, one
has to look to larger orbital distances; in the case of a gas giant orbiting the most active stars, such as AU
Mic, the critical orbit is even beyond 1 AU. Conversely, given our results, one may be able to detect EGPs
with highly expanded atmospheres at larger orbital distances from young stars than have been observed
and studied up until now.
We have shown that when studying upper planetary atmospheres, for example to determine escape,
it is important to correctly estimate the entire XUV energy input from the host star. Indeed, the entire
X-ray and EUV wavebands heat the upper atmosphere and thus drive atmospheric escape. Since the
stellar flux scales differently to the solar flux in the EUV compared to the X-ray (see Fig. 2.17), in order
to estimate the stellar flux it is not sufficient to scale the solar XUV spectrum using one scaling factor
based on the star’s X-ray emissions. At least in terms of the neutral atmosphere, applying different scaling
factors to the X-ray and EUV portions of the solar spectrum based on the star’s integrated emissions in
these wavebands is necessary and gives good results in terms of neutral temperature and density profiles.
If the EUV spectrum of the host star in question is not available, we recommend using Equation 2.6 to
estimate it based onX-ray flux observations of the star. This chapter has demonstrated that a two-scaling
approach applied to the solar spectrum seems to be sufficient to assess thermospheric conditions. We
have published this original result in Chadney et al. [2015]. However, the EUV spectrum needs to be
treated more carefully when determining the ionised part of the upper atmosphere – this is the subject
of Chapter 4.
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4
Ionosphere
In this chapter, I discuss the ionosphere of gas-giants planets. The ionosphere, which is the ionised
layer embedded within the upper atmosphere, is studied through the development of a one-dimensional
ionospheric model that solves the continuity equation for a number of ion species and includes photo-
chemistry. Themodel itself, its inputs, theprocesses included, and its validationon thepreviously-studied
case of Saturn [e.g., Moore et al., 2004, 2009, Galand et al., 2009], are described in Section 4.1. In Sec-
tion 4.2, I describe the impact on Saturn and EGP ionospheres of high resolution H2 photo-absorption
cross-sections and in Section 4.3, I present ionospheric results applied to gas-giant exoplanets.
4.1 Ionospheric model
The aim of an ionospheric model is to predict electron and ion densities in the upper atmosphere. In
this work, I assume that the source of ionisation is solar or stellar XUV radiation. A number of differ-
ent parameters are required as inputs to the model; these are the solar or stellar spectrum, the neutral
atmosphere, chemical reaction rates and photo-chemical cross-sections. Solar and stellar irradiances are
discussed in Chapter 2 – I use the TIMED/SEE instrument for measurement of solar XUV irradiances
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and a coronal model from Sanz-Forcada et al. [2011] to produce stellar XUV spectra. The neutral at-
mosphere is assumed to be a constant background and is obtained for the correct planetary parameters
and stellar irradiances using the Koskinen et al. [2013a,b, 2014] one-dimensional thermosphere model,
described in Chapter 3. The assumption that the neutral densities remain constant is valid as long as ion
densities remain small. This is the case in the ionospheres of solar system bodies, where typically less
than 1 % of thermospheric neutrals are ionised. I mainly consider, in this chapter, exoplanets orbiting at
1 AU, such that ion densities remainmuch smaller than neutral densities and the assumption of constant
neutral background remains valid. However, this is not necessarily the case for the results presented in
Section 4.3.4, where I consider planets orbiting at 0.5 and 0.2 AU.
Themodel constructed for thiswork solves the one-dimensional coupled continuity equations for the
ionsH+, H+2 , H
+
3 , andHe
+ (see Section 4.1.2). The neutral species are ionised through photo-ionisation
and I couple the ionospheric model to the Galand et al. [2009] suprathermal electron transport model
to include electron-impact ionisation (see Section 4.1.1.2). The neutral species present are H, H2 andHe.
Chemical reaction rates and photo-chemical cross-sections are described in Sections 4.1.3, and 4.1.4.
4.1.1 Ionisation mechanisms and theory
The principal sources of ionisation in the upper atmosphere are XUV photons, magnetospheric elec-
trons, and photo-electrons, which can ionise atoms and molecules in the following fashion:
• photo-ionisation: e.g., single, non-dissociative photo-ionisation
hν +M →M+ + e−
• electron-impact ionisation: e.g., single, non-dissociative electron-impact ionisation
e− +M →M+ + 2e−
whereM is a neutral species, e−, an electron and hν, an incoming photon. Subsequent charge transfer
reactions can also produce ions and electrons. The electrons that take part in electron-impact reactions
are either photo-electrons (products of photo-ionisation), secondary electrons (result of particle impact
ionisation) or are extra-atmospheric in origin, though only the two former are considered in this work.
These electrons undergo collisions as they travel through the atmosphere, progressively degrading in en-
ergy until they are thermalised, by taking part in various different processes, such as impact ionisation,
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excitation, or Coulomb collisions with thermal electrons. The loss of electrons occurs through transport
and electron-ion dissociative recombination. The ions are destroyed through various loss processes such
as recombination or detachment reactions (see Table 3.1).
4.1.1.1 Photo-ionisation
In this section, I provide the equations describing ion and electron production through photo-ionisation;
these are adapted fromRees [1989]. The ionproduction rate throughphoto-ionisationof ion i, produced
from ionisation of the neutral n is given by:
P photon,i (z,χ) = nn(z)
∫ λth,n,i
0
I(z,χ,λ) σioni,n (λ) dλ (4.1)
where the index i indicates an ion and n a neutral species; σioni,n is the ionisation cross-section of species i
(formed from neutral n), nn is the number density of neutral species n, λth,n,i is the ionisation threshold
wavelength of the ion i produced from neutral species n, and I(z,χ,λ) describes the variation of the
stellar irradiance in the atmosphere as a functionof altitude z, solar/stellar zenith angleχ, and solar/stellar
radiation wavelength λ.
The Beer-Lambert law determines the absorption of stellar irradiance:
I(z,χ,λ) = I∞(λ) exp(−τ(z,χ,λ)), (4.2)
where I∞(λ) is the stellar irradiance at the top of the planet’s atmosphere and τ(z,χ,λ) is the optical
depth. Scattering and emission are neglected in this formulation. In the simple case of a vertical, overhead
star (i.e. χ = 0), the optical depth is:
τ(λ,χ = 0, z) =
∑
n
σabsn (λ)
∫ ∞
z
nn(z
′)dz′ (4.3)
where σabsn (λ) is the photo-absorption cross-section of neutral species n at wavelength λ. In the slightly
more complex casewhen the star is not directly overhead, but at some given zenith angleχ, this expression
is modified (assuming a spherically symmetric atmosphere):
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• for χ < 90◦:
τ(z,χ,λ) =
∑
n
σabsn (λ)
∫ ∞
z
nn(z
′)
[
1−
(
R + z
R + z′
)2
sin2 χ
]−1/2
dz′ (4.4)
• for χ > 90◦:
τ(z,χ,λ) =
∑
n
σabsn (λ)
{
2
∫ ∞
zs
nn(z
′)
[
1−
(
R + zs
R + z′
)2]−1/2
dz′
−
∫ ∞
z
nn(z
′)
[
1−
(
R + z
R + z′
)2
sin2 χ
]−1/2
dz′
}
(4.5)
whereR is the radius of the planet and zs is the screening height below which the atmosphere is opaque,
zs = (R + z) sinχ−R.
The optical depth is determined by numerically integrating Equations 4.4 and 4.5 using the trape-
zoidal method. The only difficulty in undertaking these calculations is that in certain cases the optical
depth integrals are improper. Indeed, let us consider the following two integrals that it is necessary to
compute in the case of a non-vertical Sun:
I1 =
∫ ∞
zs
nn(z
′)
[
1−
(
R + zs
R + z′
)2]−1/2
dz′ (4.6)
I2 =
∫ ∞
z
nn(z
′)
[
1−
(
R + z
R + z′
)2
sin2 χ
]−1/2
dz′ (4.7)
The integral I1 is always improper and I2 is so whenχ = 90◦. Note that the singularity appears at the
lower limit (z′ = z or z′ = zs) and not the upper limit (z′ →∞) as it may seem at first glance. Indeed,
in practice, infinite altitude corresponds to the top of the atmosphere, zmax. So numerically, this is just
the last mesh point.
To solve these integrals, a little analytical manipulation is required. To eliminate a singularity in an
integral of the type
∫ b
a f(x) dx, wheref(x)diverges neara as (x−a)−1/2, the following change of variable
comes in handy: z′ = zs + t2 ⇒ t =
√
z′ − zs and dz′ = 2tdt. Applying this and simplifying the
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resulting expressions gives (replacing the infinite upper limit of the integral by zmax):
I1 =
∫ √zmax−zs
0
2nn(zs + t
2)
R + zs + t2√
2(R + zs) + t2
dt (4.8)
I2 =
∫ √zmax−zs
√
z−zs
2nn(zs + t
2)
R + zs + t2√
2(R + zs) + t2
dt. (4.9)
4.1.1.2 Electron-impact ionisation
An example of an electron-impact ionisation is the following process: e− +M → M+ + 2e− (single,
non-dissociative ionisation), whereM is a neutral species and e− an electron. The resulting suprathermal
electrons are thermalised through multiple collisions as they are transported and scattered through the
atmosphere. As one cannot make any assumptions about their velocity distribution, a kinetic approach
must be undertaken. Hence determining the suprathermal electron energy degradation requires solving
the Boltzmann equation, as detailled below. The calculation here follows the approach in Galand et al.
[2009].
Consider a distribution of electrons in 6D phase space (position, velocity), f(t, r,v), which repre-
sents the distribution function (in number of particles per volume of velocity space) at position r, at
velocity v, and at time t. The Boltzmann equation, which is a conservation equation of f in phase space,
gives [Galand et al., 1997]:
df
dt
+ f ∇v · (F/m) = δf
δt
∣∣∣∣
collision
+ Sext (4.10)
where F(r, v, t) are external non-conservative forces acting upon the electrons,m is the electronmass and
Sext represents external sources, such as photo-electron production. Note thatd/dt is the total derivative:
d .
dt
=
∂ .
∂t
+ v ·∇r( . ) + a ·∇v( . ) (4.11)
In practice, since f is not measurable, Equation 4.10 is solved for the suprathermal electron intensity,
I , ususally expressed in cm−2s−1sr−1eV−1. A number of simplifications can be applied to the equations:
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firstly, a steady-state assumption is made, assuming that the atmosphere remains unchanged on the elec-
tron thermalisation timescale. Additionally, if the electrons possess a small gyroradius, transport is only
considered along magnetic field lines. If these field lines can be approximated to be straight, r can be re-
lated to z (altitude) by s = z/sin(α), where s is the path along amagnetic field line andα is the dip angle
(angle between the magnetic field and the horizontal). Finally, assuming azimuthal symmetry around
the magnetic field lines, the electron velocity can be reduced to two variables: its kinetic energy E and
the magnetic pitch angle θ (angle between the velocity vector and the magnetic field). Hence the num-
ber of variables has been reduced from 7 (t, r,v) to just 3 (z, E, µ = cos(θ)); and solving the resulting
equation gives the suprathermal electron intensity I(z, E, µ).
In an analogous way to the calculation of the total photo-ionisation rate, which is obtained by inte-
grating the attenuated stellar irradiance (see Section 4.1.1.1), the total ion production rate from electron
impact is determined by integrating the suprathermal electron intensity:
P impacttotal (z) =
∑
n
∑
i
2π
∫ Emax
Emin
dE
∫ 1
−1
dµσimpacti,n (E)nn(z)I(z, E, µ), (4.12)
where σimpacti,n (E) is the electron-impact cross-section of ion species i, produced from ionisation of the
neutral n.
4.1.2 Fluid equations
The thermal ion and electron populations are highly collisional, such that they can be described by a
Maxwell-Boltzmann distribution. Thus, a fluid approach can be undertaken, unlike for the description
of suprathermal photoelectrons. Thermal ions and electrons can therefore be described by a set ofmacro-
scopic quantities, such as number density, ion drift velocity and temperature. These quantities can be
determined by solving conservation equations, obtained by takingmoments of the Boltzmann equation.
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4.1.2.1 Number density
The firstmoment represents the conservation of the number of particles in a given volume element – this
is the continuity equation. For each ion species i it can be written:
∂ni
∂t
+∇ · (nivi) = Pi − Li (4.13)
with Pi the production rate of ion i, Li, the loss rate of i, and vi, the velocity of ion i. The production
rate is the sum of photo-ionisation production, electron-impact production and the production rate of
any chemical reactions, such as charge transfer reactions. Loss of i occurs through chemical reactions,
such as charge-transfer and recombination reactions. The list of chemical reactions taken into account,
along with the corresponding reaction rates, is provided in Table 4.4. In spherical coordinates, where
only radial transport is considered, Equation 4.13 reduces to:
∂ni
∂t
+
1
r2
∂
∂r
(r2Φi) = Pi − Li. (4.14)
withΦi = nivi, the radial transport flux. The electron density is determined by summing contributions
from each ion, assuming charge neutrality:
ne =
∑
i
charge(i)ni. (4.15)
Thus, Equations 4.14 and 4.15 constitute a systemof coupled non-linear equations that we solve to obtain
ion and electron densities.
A first step in solving the continuity equation is to neglect the transport term:
∂ni
∂t
= Pi − Li (4.16)
the steady-state solution to which is photo-chemical equilibrium. Martinis et al. [2003] describe a means
of solving Equation 4.16 which is part analytical, part numerical. The loss term is expressed asLi = Rini
and Pi and Ri can be functions of nj ̸=i (with j, another ion species). If the time step∆t considered is
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small enough that over the course of one time step, Pi andRi can be considered constant, Equation 4.16
becomes a set of independent first-order differential equations which can be solved analytically to obtain:
ni =
Pi
Ri
(
1− e−Rit)+ ni(t = 0)e−Rit. (4.17)
Discretising this expression gives:
∆ni = ni(t+∆t)− ni(t) =
(
Pi
Ri
− ni(t)
)(
1− e−Ri∆t) . (4.18)
As the planet rotates, the solar or stellar illumination at a given location changes, meaning that the
photo-ionisation rate changes. If the planet is a slow rotator, such as Mars [Martinis et al., 2003], the
atmosphere has time to reach photo-chemical equilibrium:
Pi = Li (4.19)
However for fast rotators, like Jupiter or Saturn, the variation of ion production rates as the planet rotates
means that the equilibrium state of the atmosphere is not photo-chemical equilibrium.
Adding in the transport term renders the coupled system of equations a little harder to solve. In-
deed, due to the presence of both very slow and fast chemical reactions, the production and loss terms
in Equation 4.14, as well as the transport term, contain a large range of different timescales. This results
in Equation 4.14 being stiff, meaning that explicit integration methods are likely to show instabilities
in their solutions. However implicit methods are difficult to implement in this case and require many
recalculations of the ion drift velocities, which is computationally intensive. For these reasons, I have
implemented a predictor-corrector method [e.g., Butcher, 2008]. Predictor-correctormethods consist in
successively applying two numerical schemes: the first – called predictor – provides a rough estimation
of the result, the second – corrector – then refines the result. The predictor step usually makes use of an
explicit method and the corrector, of an implicit method.
A simple first order predictor-corrector couple uses the explicit Euler method in combination with
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the implicit trapezoidal rule. Consider a differential equation in the form:
∂ni
∂t
= F (t, ni), ni(t = 0) = ni0. (4.20)
Knowing the density values for each ion at a given time step number t, nti, we deduce the values at the
next time step (nt+1i ) using the following method. First, the predictor step (Euler method) gives an ap-
proximation of the solution at the next iteration n˜i
t+1 (estimate of density of ion i at time step number
t+ 1):
n˜i
t+1 = nti +∆t F (t, n
t
i). (4.21)
The trapezoidal rule is then used to refine the solution and obtain the value taken at time step t+ 1:
nt+1i = n
t
i +
1
2
∆t
(
F (t, nti) + F (t+ 1, n˜i
t+1)
)
. (4.22)
F is taken to be a sum of the photochemical solution and the transport term:
F (t, nti) =
(
Pi
Ri
− nti
)
(1− exp(−Ri∆t)) 1
∆t
− 1
r2
∂
∂r
(r2Φi) . (4.23)
The spatial derivative of the transport flux is calculated using a centred differentiation scheme:
∂(r2Φi)
∂r
(t, rk) =
(r2Φi)k+1 − (r2Φi)k−1
rk+1 − rk−1 , (4.24)
where k is the index describing the radial coordinate grid.
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4.1.2.2 Ion velocity
An expression for the ion velocity can be obtained from the momentum equation. In a rotating frame,
the momentum equation is as follows for a charged species s (ion or electron) [Schunk andNagy, 2000]:
ρs
Dsvs
Dt
+∇ps +∇ · τ s − nses(E+ vs ×B) + ρs [−G+ 2Ωr × vs +Ωr × (Ωr × r)]
=
∑
t
nsmsνst(vt − vs) +
∑
t
νst
zstµst
kTst
(
qs − ρs
ρt
qt
)
, (4.25)
where the index s represents the charged species and t represent all other species, i.e., other ions, neu-
trals and electrons. The quantities in the above equation are as follows: ρs = nsms is the mass den-
sity of species s, vs is its velocity, ps is the partial pressure of s, τ s is the stress tensor, ns is the par-
ticle density of s, es is the charge of s, E is the electric field, B the magnetic field, G is the gravita-
tional field, Ωr is the planet’s angular velocity, r is the radius vector from the planet’s centre, νst is the
collision frequency of species s with species t, µst is the reduced mass, Tst is the reduced temperature
Tst = (mtTs+msTt)/(ms+mt), andq is the heat flow. In the diffusion approximation, the following
approximations are made:
• wave phenomena not considered: ∂vs/∂t→ 0
• subsonic flow: vs ·∇vs → 0
• charge neutrality: ne =
∑
ni
• zero current: neve =
∑
nivi
• heat flow terms negligible
• Coriolis 2Ωr × vs and centripetal accelerationΩr × (Ωr × r) terms negligible.
An expression for the polarisation electrostatic field can be obtained from the electronmomentum equa-
tion, by neglecting terms containingme (sinceme ≪ mi):
eE|| = − 1ne∇||pe. (4.26)
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Taking into account the above diffusion approximations, one obtains the following expression for the
ion momentum equation (inserting Eqn. 4.26), for each ion i:
∇||pi + nine∇||pe − nimiG|| =
∑
t
nimiνit(vt − vi) (4.27)
where the index t represents all other species, i.e., other ions, neutrals and electrons. This expression can
be further simplified by neglecting νie and setting pe = nekTe and pi = nikTi, as well asG|| = −ger.
Furthermore, we consider Te = Ti = T = Tn. The ion drift velocity can then be expressed by the
following:
vi =
∑
j νijvj +
∑
n νinvn∑
j νij +
∑
n νin
− kT
mi(
∑
j νij +
∑
n νin)
[
2
T
∂T
∂r
+
1
ni
∂ni
∂r
+
1
ne
∂ne
∂r
+
mig
kT
]
(4.28)
where the index j is another ion and n represents a neutral. Expressions of the collision frequencies are
given in Section 4.1.2.3.
4.1.2.3 Collision frequencies
There are two types of ion-neutral interaction: resonant charge exchange, which dominantes at high
temperature and ion-neutral polarisation, which dominates at low temperature. Resonant interactions
take place between an ion and its parent neutral. For reactions between H+-H and He+-He the collison
frequencies are [Schunk and Nagy, 2000]:
νH+−H = 2.65× 10−10nHT 1/2p
(
1− 0.083log10(Tp)
)2
, (4.29)
νHe+−He = 8.73× 10−11nHeT 1/2p
(
1− 0.093log10(Tp)
)2
, (4.30)
where ν is in units of s−1 and Tp = (Ti + Tn)/2.
The collision frequency for non-resonant interactions can be expressed as [Schunk andNagy, 2000]:
νin = 2.21π
nnmn
mi +mn
(
γne2
µin
)1/2
= Cinnn, (4.31)
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Table 4.1: Neutral gas polarisability γn in units of 10−24 cm3.
10−24 cm3 H2 H He
γn 0.82 0.67 0.21
Table 4.2: Ion - neutral collision coeﬃcientsCin in units of 10−10 cm3 s−1.
Cin H2 H He
H+2 resonant 8.61 6.81
H+ 19.1 resonant 10.6
He+ 6.78 4.75 resonant
H+3 8.52 6.09 51.7
where µin is the reduced mass, e is the electron charge, and γn is the neutral gas polarisability, all in cgs
units. Values of γn andCin are given in Tables 4.1 and 4.2, respectively.
Ion – ion collision frequencies are given by the following expression [Schunk and Nagy, 2000]:
νij = 1.27
Z2iZ
2
jµ
1/2
ij
mi
nj
T 3/2j
= Bij
nj
T 3/2j
, (4.32)
where Z is the particle charge number and all units are cgs. Values of the coefficient Bij are given in
Table 4.3.
I solve the system of equations obtained by writing out the continuity equation for each ion species
(Equation 4.13), inserting the expression for the ion velocity (Equation 4.28). These equations are solved
at a particular latitude (generally 30◦) and for a rotating planet with a given rotation period – typically
10 hours. The planet’s rotation is taken into account when considering the solar or stellar illumination;
as the planet rotates, the stellar zenith angle varies. I consider that the solution has converged when there
is less than 1 % variation in the densities of each ion from one day to the next at each local time (LT).
Table 4.3: Ion -- ion collision coeﬃcientsBij in units of cm3 s−1 K3/2.
Bij H+2 H
+ He+ H+3
H+2 0.63 0.52 0.73 0.69
H+ 1.03 0.90 1.13 1.10
He+ 0.37 0.28 0.45 0.42
H+3 0.46 0.37 0.55 0.52
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4.1.3 Chemical reactions
A number of chemical reactions are considered in the ionospheric model; these are listed in Table 4.4.
They concern the formation of the four ion species in the model – H+, H+2 , H
+
3 , and He
+ – through
photoionisation, electron-impact ionisation and charge-exchange, as well as loss processes though charge-
exchange and recombination reactions.
The lower boundary of the ionospheric model – p = 1 × 10−6 bar in the exoplanet case – is the
same as that of the thermospheric model from which I obtain the neutral atmosphere (see Chapter 3).
Since the homopause is considered to be located at around this pressure level, species heavier than helium
are assumed to be confined to lower altitudes. Thus hydrocarbon and water chemistry are not included.
This assumption may not be completely valid, however, as discussed in Section 3.1. The consequences of
adding species such as H2O and CH4 are explored when I validate the model, for the case of Saturn, in
Section 4.1.6.
Only including the neutrals H, H2, and He, as well as their associated ions H+, H+2 , H
+
3 , and He
+
means that the photochemistry is relatively simple: there are 20 principal reactions that govern the for-
mation and destruction of these four ion species, as listed in Table 4.4. H+, H+2 , and He
+ are mainly
formed through photoionisation and electron-impact ionisation. Photoionisation rates are derived from
the absorbed photon flux (see Section 4.1.1.1) at a given altitude and stellar zenith angle. Electron-impact
ionisation rates are obtained from the Galand et al. [2009] model (see Section 4.1.1.2).
H+2 is the main ion formed through photo-ionisation. However, it is rapidly converted to H
+
3 via
proton transfer (reaction 12). Thus, since H and H2 are the dominant neutral species, H+ and H+3 be-
come the dominant ions at equilibrium. H+ is principally formed through photoionisation (reactions
2–4) and electron-impact ionisation (reactions 7–9) of H and H2. It is lost through electron recombina-
tion (reaction 18) but also through charge exchange with vibrationally excited H2 with vibrational levels
ν ≥ 4 (reaction 11). This last reaction is an important loss process for H+ but its reaction rate is not
well constrained. McElroy [1973] was the first to note that this reaction would become exothermic for
vibrationally excited H2 and that there may well be enough excited H2 to render this reaction signifi-
cant. The rate coefficient of reaction 11 is estimated to be between 1.0 – 2.0×109 cm3s−1 [e.g., Cravens,
1987,McConnell et al., 1982]. In addition to the rate coefficient being uncertain, the proportion of vibra-
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Table 4.4: Chemical reacঞons used in the ionospheric model, adapted from Koskinen et al. [2007a]. The reacঞon rates are in units of
cm3s−1 for two-body reacঞons and cm6s−1 for three-body reacঞons.
# Reaction Reaction rate Reference
Photoionisation:
1 H2 + hν → H+2 + e− Backx et al. [1976], Kossmann et al. [1989a],
Chung et al. [1993], Yan et al. [1998]
2 H2 + hν → H+ +H+ e− Chung et al. [1993] and 2H+ references
3 H2 + hν → 2H+ + 2e− Dujardin et al. [1987], Kossmann et al. [1989b],
Yan et al. [1998]
4 H+ hν → H+ + e− Verner et al. [1996]
5 He+ hν → He+ + e− Verner et al. [1996]
Electron-impact ionisation:
6 H2 + e− → H+2 + e− + e− vanWingerden et al. [1980], Ajello et al. [1991],
7 H2 + e− → H+ +H+ e− + e− Jain and Baluja [1992], Straub et al. [1996],
8 H2 + e− → 2H+ + 2e− + e− Liu et al. [1998], Brunger and Buckman [2002]
9 H+ e− → H+ + e− + e− Brackmann et al. [1958], Burke and Smith [1962],
Bray et al. [1991], Mayol and Salvat [1997],
Stone et al. [2002], Bartlett and Stelbovics [2004]
10 He+ e− → He+ + e− + e− LaBahn and Callaway [1970], Mayol and Salvat [1997],
Stone et al. [2002], Bartlett and Stelbovics [2004]
Charge exchange
or proton transfer:
11 H+ +H2(ν ≥ 4)→ H+2 +H see text
12 H+2 +H2 → H+3 +H 2.0× 10−9 Theard and Huntress [1974]
13 H+ +H2 +M→ H+3 +M 3.2× 10−29 Kim and Fox [1994]
14 He+ +H2 → H+ +H+He 1.0× 10−9exp(−5.7× 103/T ) Moses and Bass [2000]
15 He+ +H2 → H+2 +He 9.35× 10−15 Anicich [1993]
16 H+3 +H→ H+2 +H2 2.1× 10−9exp(−2.0× 104/T ) Harada et al. [2010]
17 H+2 +H→ H+ +H2 6.4× 10−10 Karpas et al. [1979]
Recombination:
18 H+ + e− → H+ hν 4.0× 10−12(300/Te)0.64 Storey and Hummer [1995]
19 H+2 + e
− → 2H 2.3× 10−7(300/Te)0.4 Auerbach et al. [1977]
20 He+ + e− → He+ hν 4.6× 10−12(300/Te)0.64 Storey and Hummer [1995]
21 H+3 + e
− → H2 +H 2.9× 10−8(300/Te)0.64 Sundström et al. [1994]
22 H+3 + e
− → 3H 8.6× 10−8(300/Te)0.64 Datz et al. [1995]
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tionally excited H2 is also not well known. I use the expression determined by Yelle [2004] from Jupiter
observations:
[H2(ν ≥ 4)]
[H2]
= exp(−2.19× 104/T ) (4.33)
and a rate coefficient of k11 = 1.0 × 109 cm3s−1. Therefore, in the ionospheric model, I assume the fol-
lowing reaction:
H+ +H2 → H+2 +H (reaction 11b)
(note H2 is in the base state), with the following reaction rate:
k11b = 1.0× 109exp(−2.19× 104/T ) cm3s−1 (4.34)
Reaction 11 is a large source of uncertainty in ionospheric models applied to giant planets. Indeed,
densities of the dominant ion H+ can be very sensitive to k11b.
4.1.4 Photo-absorption and photo-ionisation cross-sections
Depending on wavelength, as stellar radiation penetrates into the upper atmosphere it causes ionisation,
dissociation and excitation of the neutral species. To describe these wavelength-dependent processes, one
needs access to accurate cross-sections. Those used in this study are presented in Fig. 4.1. Since I assume
the neutral atmosphere to be a constant background, I am only concerned with reactions that impact
ions. Therefore, I do not need details of particular photo-dissociation or excitation reactions, but only
photo-ionisation and total photo-absorption cross-sections.
With the exception ofH2 photo-absorption, all the cross-sections presented in Fig. 4.1 are taken from
laboratory experiments and are provided at 1 nm-resolution, references are given in Table 4.4. Whilst
for the atomic species of H and He, this relatively low-resolution (1 nm bins) is sufficient, it is not the
case for molecular hydrogen, H2. Indeed, in the wavelength region beyond the ionisation threshold
(λ > 80.4 nm), the H2 photo-absorption cross-section is highly structured, made up of very narrow
absorption lines [Abgrall et al., 1993a,b, 2000]. Hence a much thicker layer of atmosphere is involved
in H2 absorption than when considering averaged 1 nm-resolution cross-sections, such as that plotted in
a think black line in Fig. 4.1(a), taken from measurements by Backx et al. [1976]. High-resolution ab-
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Figure 4.1: Photo-absorpঞon (black and grey lines) and photo-ionisaঞon (coloured lines) cross-secঞons used in the ionosphere model
for the three neutral species considered and their associated ions. Panel (a) shows cross-secঞons for H2; in black is the low-resoluঞon
(LR) photo-absorpঞon cross-secঞon and in grey is a high-resoluঞon (HR) version (at 700 K) including structure beyond the ionisaঞon
threshold. In yellow is the producঞon of H+2 , in red is the producঞon of H++H and in blue is the producঞon of 2H+. Panel (b) shows
the photo-absorpঞon cross-secঞon of H in a thick black line and producঞon of H+ through photo-ionisaঞon in yellow. Panel (c) shows
the photo-absorpঞon cross-secঞon of He in a thick black line, producঞon of He+ in yellow and of He2+ in red.
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sorption cross-sections have been used to explain a layer of hydrocarbon ions in the lower ionosphere of
Jupiter [Kim and Fox, 1994] and Saturn [Kim et al., 2014].
I use a combination of the Backx et al. [1976] low-resolution H2 photo-absorption cross-section for
wavelengths below the ionisation threshold at 80.4 nm and high-resolution cross-sections at longer wave-
lengths. The high-resolution cross-sections are temperature-dependent. These are computed by Roger
Yelle (pers. comm., 2013); the calculations were originally described in Yelle [1993], but have been con-
tinuously updated since, including with the transition properties given in Abgrall et al. [2000]. The
high-resolution H2 photo-absorption cross-section is plotted in grey in Fig. 4.1(a). The example plotted
here is determined at 700 K.
A comparison of H2 photo-absorption cross-sections from different sources at various resolutions
and temperatures is plotted in Fig. 4.2. I sample the Yelle [1993] cross-sections at a resolution of 10−3 nm,
which is the resolution at which the cross-sections are used in the ionospheric model. These are plotted
in Fig. 4.2(a) in light blue at T = 200 K and pink at T = 700 K; note the highly structured nature
of the cross-sections at these wavelengths. There is, however, more absorption in the region between
80.4 nm and 84 nm than predicted by the high-resolution dataset, due to missing processes. To attempt
to address this issue, I have added the photo-dissociation continuum calculated by Dalgarno and Allison
[1969] (plotted in green in Fig. 4.2(a)) to the high-resolution dataset in the 80 – 84 nm range to obtain
the H2 photo-absorption cross-section used in the ionospheric model.
Mean values of the high-resolution H2 photo-absorption cross-sections over 0.1 nm bins are also
shown in Fig. 4.2; in dark blue at T = 200 K (Figs. 4.2(a&b)) and red at T = 700 K (Fig. 4.2(a)). I
have also rebinned the Yelle cross-sections to a bin width of∆λ = 1 nm, once again by taking the mean
value in each of the new bins – plotted in yellow in Fig. 4.2(b). These rebinnings allow comparisons with
the cross-sections computed by Kim et al. [2014] (thin black lines in Fig. 4.2(b)) and with the Backx et al.
[1976] measurements (thick black line in Fig. 4.2(a&b)).
The Yelle cross-sections rebinned to∆λ = 0.1 nm match well with those determined by Kim et al.
[2014], albeit differences in the wings of some absorption lines. Low-resolution cross-section measure-
ments, such as from Backx et al. [1976], have been used in many previous ionospheric studies of Jupiter
and Saturn, even in recent work [e.g., Moses and Bass, 2000, Galand et al., 2009]. The low-resolution
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Figure 4.2: H2 photo-absorpঞon cross-secঞon, comparison between diﬀerent sources. In both ﬁgures (a & b), the standard low-
resoluঞon measurement used in many studies obtained from Backx et al. [1976] is shown in a thick black line. This is compared to
high-resoluঞon calculaঞons by Yelle [1993] in the top ﬁgure (a). The cross-secঞons are computed at two temperatures, in light blue
at T = 200 K and pink at T = 700 K -- these are sampled at ∆λ = 10−3 nm. The Yelle calculaঞons have been re-binned to
∆λ = 0.1 nm, in dark blue at T = 200 K and red at T = 700 K, by talking the mean cross-secঞon in each bin. The photo-
dissociaঞon conঞnuum, calculated by Dalgarno and Allison [1969], is ploed in green. In the boom ﬁgure (b), we compare the Yelle
calculaঞons rebinned to∆λ = 0.1 nm (in blue) to computaঞons by Kim et al. [2014] (in thin, black lines -- taken from Fig. 1 of Kim
et al. [2014]). We also rebin the Yelle calculaঞons to∆λ = 1 nm bin, ploed in yellow, to compare to the Backx et al. [1976] values
(thick black line with ﬁlled symbols).
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cross-sections from Backx et al. [1976] agree well with the Yelle computations binned to∆λ = 1 nm, but
have none of the structure present in the higher resolution cross-sections. This has consequences for the
lower part of the ionosphere, as explored at Jupiter and Saturn by e.g., Kim and Fox [1994] andKim et al.
[2014]. In Section 4.2 I run the ionospheric model using both high and low-resolution cross-sections to
observe the influence on exoplanetary atmospheres.
Note that the method used in Fig. 4.2 to rebin the high resolution cross-section to a lower-resolution
wavelength grid is not accurate. The values from the Yelle calculations rebinned to ∆λ = 0.1 nm and
∆λ = 1 nm in Fig. 4.2 are simply determined by averaging the high-resolution cross-sections over the
new wavelength bins. But, when using different wavelength grids, one needs to conserve transmission
through the atmosphere, T = exp(−σabsN), where σabs is the total absorption cross-section and N
is the line-of-sight column density. However, over a given range of wavelengths, T ̸= exp(−σabsN)
(lines over symbols indicating the mean value). Thus, it is not correct to simply take the mean of σabs,
the lower-resolution cross-section needs to be computed such that the transmission is conserved, which
requires knowledge of the atmospheric density profiles. Nevertheless applying a simple average allows a
comparison with the Kim et al. [2014] values as averaging is the method with which they obtained their
low-resolution values. It also allows a comparisonwith runs using the low-resolutionmeasurements from
Backx et al. [1976].
4.1.5 Boundary conditions
When solving the continuity equation without plasma diffusion (Equation 4.16), the calculation in each
altitude cell is independent of all other cells. Therefore there is no need to impose any boundary condi-
tions in this case. Initial density values are taken to be near zero: ni(t = 0) = 10−15 cm−3.
Once transport is included (Equation 4.13), imposing boundary conditions becomes necessary to
avoid numerical instabilities. At the lower boundary, I take the assumption of no plasma diffusion. In
practice, there is no need to impose any values at the lower boundary, since chemical timescales are much
shorter than diffusion timescales at the lowest altitudes of the calculation grid. However, at the upper
boundary I do need to impose a condition to avoid instabilities. I choose between two different condi-
tions depending on the rate of outflowof the neutral atmosphere. In the case of a stable atmosphere, with
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vertical neutral velocity at the top of calculation grid vn(z → ∞) → 0, I impose diffusive equilibrium
at the upper boundary:
ni(zmax) = ni(zmax−1)exp
(
−zmax − zmax−1
Hp
)
, (4.35)
with zmax the top altitude grid point andHp the plasma scale height (Hp = 2kTi/(mig)).
If there is significant atmospheric escape, I impose the following outflow velocity at the upper bound-
ary [Moore, 2008]:
vi(zmax) = 2vi(zmax−1)− vi(zmax−2), (4.36)
which is just a weighted average of the velocities at the previous two altitude points.
4.1.6 Model validation for the case of Saturn
I have tested the ionospheric model against results from a similar model constructed to run at Saturn by
Moore et al. [2009] and Galand et al. [2009]. Models of Saturn’s ionosphere under solar radiation have
been constructed for many decades [e.g., McElroy, 1973, Connerney and Waite, 1984, Moses and Bass,
2000, Moore et al., 2004, 2009, Kim et al., 2014] and steadily improved with electron density measure-
ments from radio occultation observations by the various spacecraft that have visited the kronian system:
Pioneer 11 [Kliore et al., 1980], Voyager 1 andVoyager 2 [Lindal et al., 1985], andCassini [Nagy et al., 2006,
Kliore et al., 2009, 2014].
The principal difference from Jupiter and the Jupiter-like exoplanets that I study in this work is that
Saturn possesses a ring systemwhich provides an influx of water into the planet’s ionosphere [Connerney
and Waite, 1984] (see Section 1.3.1). This process reduces the electron density by converting the major
long-lived ion, H+, into a shorter-lived ion, H2O+, through the following charge-exchange reaction:
H+ +H2O→ H2O+ +H (reactionM21)
Modellers have resorted to varying the rate of water influx, as well as the amount of vibrationally excited
H2 (and k11, the rate coefficient of its reaction with H+) so as to reproduce electron densities matching
those determined from radio occultation measurements.
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Figure 4.3: Rate coeﬃcients of reacঞon 11b: H++H2 → H+2 +H, in Saturn's atmosphere. The solid line shows the rate determined
by Moses and Bass [2000]. Moore et al. [2009] use this rate divided by 4, which is ploed as dashed line.
The list of chemical reactions used in theMoore et al. [2009] study is slightly different to the one that
I use for the exoplanetary atmospheres (as given inTable 4.4). I present the reactions for the Saturnmodel
in Table 4.5. The main difference is the inclusion of basic water and hydrocarbon chemistry (reactions
M17 –M24). I include these reactions solely as loss processes for the ionsH+, H+2 , H
+
3 , andHe
+; i.e., I do
not model the densities of ions formed through these reactions (H2O+, H3O+ and hydrocarbon ions).
Since the water and hydrocarbon ions are not responsible for the formation of any of the four ions that I
do model and the main loss of these four ions is with neutrals, not electrons, this allows me to accurately
determine the densities of H+, H+2 , H
+
3 , and He
+, without having to track any additional ions.
The proportion of H2(ν ≥ 4) is difficult to estimate both at Jupiter and at Saturn – this affects the
production rate used for reaction 11b (see Section 4.1.3). In the exoplanetary runs, I use an estimation of
[H2(ν ≥ 4)]/[H] based on Jupiter observations [Yelle, 2004], however this ratio is deemed to be slightly
different at Saturn. The rate for this reaction used by Moore et al. [2009] is based on that determined
by Moses and Bass [2000], plotted as a blue continuous curve in Fig. 4.3. Moore et al. [2009] argue
that the Moses and Bass [2000] rate is too high because the authors of the latter study take into account
neither additional vibrational relaxation ofH2, as described byHuestis [2008], nor the fact that estimated
water influxes are sufficient alone to account for decreases in electron densities tomatch observations. To
account for these omissions, Moore et al. [2009] state that they use values for k11b that are a factor of 4
smaller than those of Moses and Bass [2000] (blue dashed line in Fig. 4.3).
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Table 4.5: Chemical reacঞons used in the Saturn ionospheric model, adapted from Moore et al. [2004] and Galand et al. [2009]. The
reacঞon rates are in units of cm3s−1 for two-body reacঞons and cm6s−1 for three-body reacঞons.
# Reaction Reaction rate Reference
Photoionisation:
M1 H2 + hν → H+2 + e− Backx et al. [1976], Kossmann et al. [1989a],
Chung et al. [1993], Yan et al. [1998]
M2 H2 + hν → H+ +H+ e− Chung et al. [1993] and 2H+ references
M3 H2 + hν → 2H+ + 2e− Dujardin et al. [1987], Kossmann et al. [1989b],
Yan et al. [1998]
M4 H+ hν → H+ + e− Verner et al. [1996]
M5 He+ hν → He+ + e− Verner et al. [1996]
Electron-impact ionisation:
M6 H2 + e− → H+2 + e− + e− parametrisation fromMoore et al. [2009]
M7 H2 + e− → H+ +H+ e− + e−
M8 H2 + e− → 2H+ + 2e− + e−
M9 H+ e− → H+ + e− + e−
M10 He+ e− → He+ + e− + e−
Charge exchange
or proton transfer:
M11 H+ +H2(ν ≥ 4)→ H+2 +H see text
M12 H+2 +H2 → H+3 +H 2.0× 10−9 Theard and Huntress [1974]
M13 H+ +H2 +M→ H+3 +M 3.2× 10−29 Kim and Fox [1994]
M14 He+ +H2 → H+ +H+He 1.0× 10−9exp(−5.7× 103/T ) Moses and Bass [2000]
M15 He+ +H2 → H+2 +He 9.35× 10−15 Anicich [1993]
M16 H+2 +H→ H+ +H2 6.4× 10−10 Karpas et al. [1979]
M17 H+ + CH4 → components 4.5× 10−9 Kim and Fox [1994]
M18 H+2 + CH4 → components 3.53× 10−9 Kim and Fox [1994]
M19 H+3 + CH4 → components 2.4× 10−9 Anicich [1993]
M20 He+ + CH4 → components 1.7× 10−9 Kim and Fox [1994]
M21 H+ +H2O→ H2O+ +H 8.2× 10−9 Anicich [1993]
M22 H+2 +H2O→ H2O+ +H2 3.87× 10−9 Anicich [1993]
M23 H+2 +H2O→ H3O+ +H 3.43× 10−9 Anicich [1993]
M24 H+3 +H2O→ H3O+ +H2 5.3× 10−9 Anicich [1993]
Recombination:
M25 H+ + e− → H+ hν 4.0× 10−12(250/Te)0.7 Bates and Dalgarno [1962]
M26 H+2 + e
− → 2H 2.3× 10−7(300/Te)0.4 Auerbach et al. [1977]
M27 He+ + e− → He+ hν 4.0× 10−12(250/Te)0.7 Bates and Dalgarno [1962]
M28 H+3 + e
− → H2 +H 4.4× 10−8(300/Te)0.5 Canosa et al. [1992]
M29 H+3 + e
− → 3H 5.6× 10−8(300/Te)0.5 Mitchell et al. [1983]
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Figure 4.4: Neutral atmospheric densiঞes and temperature at Saturn. Values obtained from Galand et al. [2009].
Additionally, the reaction rates for some electron recombination reactions used inMoore et al. [2009]
are obtained from sightly different sources to those from the exoplanetary model and reaction 16 (H+3 +
H→ H+2 +H2) is missing from theMoore et al. [2009] model. So as to be able to compare results with
those fromMoore et al. [2009], I modify the rates used in the ionospheric model when producing results
at Saturn.
Densities of the neutral speciesH,H2, He,H2O, andCH4 fromMoore et al. [2009] andGaland et al.
[2009] are plotted in Fig. 4.4. These are obtained from the Saturn Thermosphere-Ionosphere Model
(STIM)GCM [Müller-Wodarg et al., 2006]. Note the sharp change in slope of the density profiles. This
corresponds to the homopause, the altitude above which turbulent mixing ceases to be important and
densities decline according the molecular mass of each species.
The last input needed to run the model for Saturn is the solar irradiance. This is obtained from the
TIMED/SEE instrument on the same days as studied inMoore et al. [2009]: 15thMay 2008, for the solar
minimum case and 20th October 2002, for the solar maximum case. I assume a rotation period for the
planet of 10 hours and run the calculations for a latitude of 30◦ North at Saturn equinox.
Just like theMoore et al. [2009]model, mymodel is coupled to theGaland et al. [2009] suprathermal
electron transportmodel, which provides secondary production rates. Thus, electron-impact production
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rates have already been validated and I do not need to repeat the operation. So, to save computation
time, for the case of Saturn, instead of self-consistently determining electron-impact production rates, I
use the parametrisation determined by Moore et al. [2009]: total (photo-ionisation + electron-impact
ionisation) production rates are determined by applying the following secondary ionisation efficiencies
η = Pe-impact/Pphoto:
ηH+(t, z) = (1+ 0.0022|t− 12|4)(8.77× 1026z−9.347 + 44.29z−0.8973), (4.37)
ηH+2 (t, z) = (1+ 0.0022|t− 12|4)(1.70× 1022z−7.49 + 3.515× 108z−2.9464), (4.38)
ηHe+(t, z) = (1+ 0.0022|t− 12|4)(3.84× 1017z−6.4224 + 4.463z−0.877), (4.39)
where z is the altitude in km and t is the local time in Saturn hours normalised to 24.
At local noon, I obtain the ion and electron density profiles plotted as solid lines in Fig. 4.5. These
are to be compared to the dashed curves that are the results fromMoore et al. [2009]. I obtain very good
agreementwith the densities ofH+, H+2 , H
+
3 , andHe
+ ions. My electron densities alsomatch those from
Moore et al. [2009] at and above the main peak at an altitude of about 1000 km. However, since I do
not calculate the densities of water and hydrocarbon ions, I cannot reproduce the secondary peak in the
lower ionosphere, at z = 700 km. The location of the hydrocarbon and water ion layer is indicated by a
gray shading in Fig. 4.5.
I find that at noon local time (shown in Fig. 4.5), H+ ions dominate the upper ionosphere, above
about 1300 km, but at the main electron peak, H+3 dominates. I have also checked that the Moore et al.
[2009] calculations are matched at other local times, in particular at dawn (6 LT) and dusk (18 LT). At
these local times, the H+3 density is diminished far more than that of H
+. Indeed, at large solar zenith
angles, when solar illumination and photo-ionsiation are reduced, H+3 recombines far more rapidly with
electrons (reactions M28 andM29) than H+ does (reaction M25). This causes H+3 densities to be highly
dependent on solar illumination conditions and hence the time of day, whereas this is much less the case
for the longer-lived H+ densities.
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Figure 4.5: Saturn ion and electron densiঞes at solar maximum, 30◦ N laঞtude during Saturn equinox. The density proﬁles are ploed
at local noon. In solid lines are the results of my ionospheric model and the dashed lines are the results taken from Fig. 1(c) of Moore
et al. [2009] (including electron-impact ionisaঞon). The grey shaded area indicates the region where hydrocarbon and water ion would
be present. The black doed line is the electron density calculated in the case where H2O and CH4 are not included (i.e., reacঞons
M17 -- M24 not included).
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Figure 4.6: Saturn mid-laঞtude electron densiঞes at dusk, at solar maximum in thick lines and solar minimum in thin lines. The thin
black curve is an observaঞon from Voyager 2 at solar min [Lindal et al., 1985] and the thick black curve is from Cassini at solar max
[Kliore et al., 2009]. The blue curves are electron densiঞes from our ionospheric model, the thick blue line being under solar maximum
and the thin blue line under solar minimum. Adapted from Fig. 9 of Galand et al. [2009].
Imeasure a peak electrondensity at local noon and at solarmaximumof 1.5×104 cm−3. It is interesting
to note that running the model without including water or hydrocarbon loss processes (i.e., without
reactions M17 –M24 from Table 4.5) increases the main peak by almost a factor of 10, to 1.2× 105 cm−3.
The electron density profile determined in this case is plotted as a black dotted line in Fig. 4.5. This
difference is principally due to reactions M17 and M21, during which H+ is destroyed by reaction with
water and methane. It is good to keep this result in mind when running the model for exoplanetary
atmospheres whilst omitting any hydrocarbon (or water) chemistry.
I also compare results from the ionospheric model to observed electron densities from radio occul-
tation measurements in Fig. 4.6, in the same way that was done by Galand et al. [2009]. This com-
parison is made both under solar minimum and solar maximum conditions. At solar minimum, I use
a TIMED/SEE solar spectrum from 15th May 2008 and I compare this to an observation taken by the
Cassini spacecraft [Kliore et al., 2009]. For the solar maximum case, I use a TIMED/SEE solar spectrum
from 20th October 2002 that is compared with an observation taken by Voyager 2 [Lindal et al., 1985].
Note that since good quality solar EUV spectra from the date of the Voyager 2 observation do not exist,
I use more modern observations taken at a similar solar activity level.
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Given its simplicity, the 1D ionospheric model manages to capture well the intensity of the electron
density peaks under conditions of solarminimumandmaximum. Asonewould expect, electrondensities
are higher at solar maximum, with increased solar irradiance. However, the profiles measured by Voyager
and Cassini are very structured and display a number of features that the model does not capture, such as
extra peaks and sharp transitions. These are thought to have various causes, such as gravity waves, a time-
variablewater influx or an ion layer ofmeteoritic origin [e.g.,Moses andBass, 2000,Moore andMendillo,
2007]. Despite these inadequacies, the ionospheric model is sufficient for the intended purposes, i.e., to
enable a study of the effect of various stellar irradiance conditions on exoplanetary atmospheres.
4.2 High resolutionH2 photo-absorption cross-section
The photo-absorption cross-section of H2 is very structured beyond the ionisation threshold (λth,H2 =
80.4 nm), however most ionospheric studies have previously used the low-resolution measurements of
Backx et al. [1976] taken at 3 – 4 nm intervals (see Section 4.1.4). In this section, I evaluate the im-
pact on Saturn and EGP ionospheres of using the high-resolution H2 photo-absorption cross-section
described in Section 4.1.4 (∆λ = 10−3 nm), instead of the low-resolution Backx et al. [1976] measure-
ments. The high-resolution cross-section used consists of the Backx et al. [1976] measurements below
λth,H2 = 80.4 nm and high-resolution calculations by Yelle [1993] at longer wavelengths. In addition,
the H2 photo-dissociation cross-section measured by Dalgarno and Allison [1969] is added to the Yelle
[1993] calculations forwavelengths between 80.4 nmand 84.2 nm,where this process ismissing. The low-
resolution (LR) and high-resolution (HR) H2 photo-absorption cross-sections are plotted in Fig. 4.1(a).
In Jupiter and Saturn, the additional absorption in the wings and gaps of the H2 absorption lines at
wavelengths longer than 84.2 nm causes increased hydrocarbon ionisation in the lower ionosphere [Kim
and Fox, 1994, Kim et al., 2014]. However, I do not include hydrocarbon chemistry in the ionospheric
model, so the only photo-ionisation reaction affected byusing theHRH2 photo-absorption cross-section
is ionisation of atomic H, reaction 4 (see Table 4.6). Indeed, it is the only photo-ionisation reaction
considered in the model with an ionisation threshold wavelength (λth,H = 91.2 nm) higher than that of
H2. Therefore reaction 4 is affected by the structured region of the H2 photo-absorption cross-section.
Note that the ionisation thresholdwavelengths of CH4 to formCH+4 , CH
+
3 andCH
+
2 are also larger than
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Table 4.6: Photo-ionisaঞon reacঞons and their threshold energiesEth and wavelengths λth.
# Reaction Eth [eV] λth [nm]
Included in model:
1 H2 → H+2 15.43 80.37
2 H2 → H+ +H 18.08 68.58
3 H2 → 2H+ 47.50 26.10
4 H→ H+ 13.60 91.16
5 He→ He+ 24.59 50.42
Not included in model:
- CH4 → CH+4 12.55 98.79
- CH4 → CH+3 +H 14.25 87.01
- CH4 → CH+2 +H2 15.20 81.57
λth,H2 (see Table 4.6). This is the reason why Kim and Fox [1994] and Kim et al. [2014] found increased
hydrocarbon ion production in their Saturn and Jupiter models when considering high-resolution H2
cross-sections.
I have made comparisons of photo-ionisation rates and ion densities that are obtained using low-
or high-resolution H2 photo-absorption cross-sections for the case of Saturn at solar maximum and a
hypothetical EGP orbiting the star AD Leo at a distance of 1 AU (in the stable regime, see Section 3.3)
and 0.2 AU (in the hydrodynamic escape regime). Photo-ionisation rates and altitudes (or pressures) at
which the optical depth is unity are given in Fig. 4.7.
In the Saturn case, so as to capture ionisation below the main ionospheric peak, only the neutrals
H, H2 and He are considered (i.e., no ion reactions with CH4 or H2O, reactions M17 to M24, see Sec-
tion 4.1.6). The neutral densities of these species are those plotted in Fig. 4.4.
In the cases of EGPsorbitingADLeo, I usedneutral atmospheres determinedwith the thermospheric
model (see Chapter 3 and Appendix A), which are used as input to the ionospheric model. I used a spec-
trum for AD Leo derived from the coronal model (see Chapter 2) at a wavelength-dependent resolution
between 10−2 and 10−3 nm per bin. The neutral densities are qualitatively similar to those presented in
Fig. 3.4 for the samehypothetical EGPorbiting a Sun-like star at the same orbital distances. The planet or-
biting at 1 AU has a stable atmosphere, whereas the planet orbiting at 0.2 AU undergoes hydrodynamic
escape with a H2/H dissociation front located at a pressure of approximately 2 nbar. This means that
atomic H is dominant at p < 2 nbar.
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TheH2 Lyman andWerner bands that are present in the H2 photo-absorption cross-section at wave-
lengths longer than 84.2 nm are dependent on the temperature of the neutral atmosphere. Since the tem-
perature varies with altitude, to correctly incorporate the HR cross-sections into the ionospheric model
would require computing σabsH2 at a range of temperatures and modifying the expressions of the optical
depth given in Section 4.1.1.1. For instance, for a stellar zenith angleχ = 0◦, Equation 4.3 would become:
τ(λ,χ = 0, z) =
∑
n
∫ ∞
z
σabsn (λ, z
′)nn(z′) dz′. (4.40)
I have not made these changes for the results presented in this section, though I plan to do so in the near
future. As a first step, I have computed σabsH2 at a given temperature adapted to each case: for Saturn, I
have calculated the absorption cross-section at T = 400K, which is roughly the exospheric temperature;
for the planets orbiting AD Leo, I have chosen a slightly higher temperature of T = 700 K.
The altitude at which the optical depth at a given wavelength is unity represents the location in the
atmosphere at which most of the photons of that wavelength will be absorbed. At an optical depth (τ )
of 1, the stellar flux is reduced by a factor of e from its value at the top of the atmosphere. The optical
depth is defined in Section 4.1.1.1; its expression given in Equations 4.3 – 4.5. Plots presenting the altitude
(or pressure) at which τ = 1 are given in Fig. 4.7(b,d,f), respectively, for the cases of Saturn at solar
maximum, an EGP around AD Leo at 1 AU, and an EGP around AD Leo at 0.2 AU. These plots allow
us to determine which layers of the atmosphere are affected by the use of a HR H2 photo-absorption
cross-section, versus a LR cross-section.
In the case of Saturn, using the HR cross-section (altitude of τ = 1 in grey in Fig. 4.7(b)) produces
enhanced absorption of photons at wavelengths above λth,H2 over a large range of altitudes. There is
significantly more absorption below 1600 km, the altitude at which most of these photons are absorbed
when using the LR cross-section (altitude of τ = 1 in black in Fig. 4.7(b)). This causes enhanced photo-
ionisation of H through reaction 4 over a broad range of altitudes, as shown in Fig. 4.7(a). The rate of
reaction 4 (H → H+) using the LR cross-section is plotted as a solid blue line, whereas it is represented
by a dashed blue line when the HR cross-section is used. Ion production through reaction 4 is enhanced
over a large range of altitudes using the HR cross-section and forms a peak at an altitude of 700 km
that is more than four orders of magnitude higher than the production rate at this altitude determined
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Figure 4.7: Photo-ionisaঞon ion producঞon rates (a,c,e), and alঞtude or pressure of unity opঞcal depth τ = 1 (b,d,f) at a stellar zenith
angle χ = 30◦, comparing the use of high and low-resoluঞon H2 photo-absorpঞon cross-secঞon. (a) and (b) are for Saturn at solar
maximum. (c) and (d) are for an EGP orbiঞng AD Leo at 1 AU. (e) and (f) are for an EGP orbiঞng AD Leo at 0.2 AU. The species in
brackets in the legends of the ion producঞon plots indicate the neutral target of each photo-ionisaঞon reacঞon.
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using the LR cross-section. As expected, the ion production rates through the other photo-ionisation
reactions considered (numbers 1 – 3, and 5) are not affected by the resolution of theH2 photo-absorption
cross-section, since the threshold wavelengths of these reactions are lower than λth,H2 = 80.4 nm. These
results match those of Kim et al. [2014] in terms of photo-ionisation production rates.
Results obtained for an EGP orbiting AD Leo are very different to the Saturn case. Note that since
the atmospheres of the hypothetical EGP that Imodel, based onHD209458b, are farmore extended than
that of Saturn, I have plotted quantities in terms of pressure within the atmosphere, rather than altitude.
This makes comparisons easier and allows features to be more easily distinguished. The ionospheres of
the EGP are much less affected by the use of HRH2 photo-absorption cross-sections instead of LR ones.
In the 1 AU case (Fig. 4.7(c,d)), absorption in the H2 Lyman, Werner and Rydberg bands only affects a
small range of pressures (see grey lines in Fig. 4.7(d)) and has the effect of increasing the ion production
rate through reaction 4 by 10% from the values determined using the LR cross-section. In the 0.2AUcase
(Fig. 4.7(e,f)), there is no noticeable difference in the pressures at which τ = 1 or in the ion production
rates, between using the HR or LR cross-sections.
The ratio of atomic hydrogen to molecular hydrogen column densities is significantly larger in the
EGP atmosphere than at Saturn (see Figs. 4.4 and 3.4). This means that absorption byH dominates over
absorption by H2, and as such, the resolution of σabsH2 has a much smaller effect in the EGP case than at
Saturn. In the planet orbiting at 0.2 AU, there is no H2 present at pressures lower than about 2 nbar,
resulting in photons at wavelengths λth,H > λ > λth,H2 being almost exclusively absorbed by H atoms.
The resulting ion density profiles are presented in Fig. 4.8 for Saturn and Fig. 4.9 for an EGP at 1 AU
from AD Leo. The relative difference between using HR and LRH2 photo-absorption cross-sections is
also plotted. The enhanced production rate of H+ via photo-ionisation reaction 4, obtained when using
HR σabsH2 , causes an increase in H
+ densities in the regions expected given the ionisation rate profiles in
Fig. 4.7. This occurs at an altitude of around 700 km around Saturn and at a pressure of 0.6 nbar in the
case of an EGP at 1 AU from AD Leo.
The number density of H+ is almost doubled at Saturn below the main ionisation peak when using
HR cross-sections (see Fig. 4.8). The density of H+3 is also enhanced by about 50 % in this region, but
at higher altitudes it is slightly lower when a HR σabsH2 is used. This is due to a competition between
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Figure 4.8: Ion densiঞes (le[) and relaঞve diﬀerence (right) in ion densiঞes between using a high-resoluঞon (HR) H2 photo-absorpঞon
cross-secঞon and a low-resoluঞon (LR) H2 photo-absorpঞon cross-secঞon. Case of Saturn, with a stellar zenith angle χ = 30◦
(planet not considered to be rotaঞng). Secondary ionisaঞon (electron-impact) is included in determining these ion densiঞes, using the
parametrisaঞon from Moore et al. [2009], given in Equaঞons 4.37, 4.38 and 4.39.
additionalH+3 being formed from the enhanced density ofH
+ through reactions 11 and 12 (seeTable 4.4),
and additional loss of H+3 through recombination with the extra electrons (reactions 21 and 22).
The same processes are at play in the case of an EGP orbiting AD Leo at 1 AU (see Fig. 4.9). There is
enhanced nH+ when using HR cross-sections, but only by a very small amount: a maximum of 2.5 % at a
pressure of 0.6 nbar.
Since the differences between using high and low-resolution H2 photo-absorption cross-sections are
so minor (less than 2.5 % change in ion densities), I consider that the low-resolution cross-sections are
sufficient for the remainder of the work in this thesis on EGP ionospheres. The cases for AD Leo are
representative of planets orbiting the other stars. Indeed, as discussed in Chapter 3, all of the EGP atmo-
spheres undergoing hydrodynamic escape are quantitatively similar in terms of neutral densities, and so
are those in hydrostatic equilibrium.
Even though in this study HR cross-sections are not required, this may not always be the case. If
photo-ionisation reactions are included involving ionisation threshold wavelengths larger than that of H
(λth,H = 91.2 nm), such as those involving certain hydrocarbons (see Table 4.6), then absorption byH2 in
the Lyman,Werner andRydberg bands is no longer small. Indeed, due to the highly structured nature of
theH2 HRphoto-absorption cross-section, photons at wavelengths longer thanλth,H are absorbed over a
large range of altitudes. This is shown in Fig. 4.10, where the pressures of unity optical depth are plotted
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Figure 4.9: Ion densiঞes (le[) and relaঞve diﬀerence in ion densiঞes between using a high-resoluঞon (HR) H2 photo-absorpঞon cross-
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Figure 4.10: Pressure at which opঞcal depth is unity as a funcঞon of wavelength, for an EGP orbiঞng AD Leo at 1 AU (le[) and at
0.2 AU (right), using high-resoluঞon H2 photo-absorpঞon cross-secঞon.
for wavelengths up to 110 nm, for the case of EGPs orbiting AD Leo at 1 AU and 0.2 AU (these plots are
identical to Figs. 4.7(d,f) but with an extended wavelength scale).
4.3 Ionisation in planetary atmospheres
4.3.1 Planets orbiting at 1 AU from solar-type stars
In this section, I present results for an HD209458b-type EGP orbiting at a distance of 1 AU from a Sun-
like star. For this study, I used the TIMED/SEE solar spectrum from 14th January 2013, as used in the
thermospheric model (see Chapter 3). The neutral densities are obtained from the thermospheric model,
run with the appropriate conditions of orbital distance and solar spectrum. I set up the ionospheric
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Figure 4.11: Density as a funcঞon of pressure at dawn (6 LT), noon (12 LT), and dusk (18 LT), for an EGP at 1 AU from a Sun-like star
(at solar maximum), shown at 30◦ laঞtude.
model (see Section 4.1) to model conditions on a planet with an orbital period of 10 hours at a latitude of
30◦ and a declination of 0◦, including both photo-ionsation and electron-impact ionisation. The latter is
included by using the suprathermal electron transport model of Galand et al. [2009].
4.3.1.1 Ion densities
The major ions present in the case of an EGP orbiting the Sun at 1 AU are H+ and H+3 . Just as found
for Saturn (see Section 4.1.6), H+ dominates in the upper ionosphere, above the main ionospheric peak,
whereas H+3 is dominant below. Ion densities are plotted in Fig 4.11 at three local times (LT): 0600 LT,
corresponding to dawn (χ = 90◦), 1200 LT noon (χ = 30◦), and 1800 LT, which is dusk (χ = 90◦).
H+ is the major ion above p ∼ 200 nbar, its density profile remains almost constant above this pressure
level throughout the planetary rotation, with a peak density at 12 LT of 3.65 × 106 cm−3 at a pressure of
2.4 nbar, although the density profile is rather flat around the peak. In the region where H+3 dominates
(p " 200 nbar), its density is strongly dependent on the stellar zenith angle, with a peak density of
2.7× 104 cm−3 at noon, dropping to 6.9× 103 cm−3 at dusk. H+2 andHe+ remain minor constituents at
all LT.
Tounderstand the origin of these variations, I have plotted the reaction rates for each chemical process
included in themodel (see Table 4.4) in Fig. 4.12. These rates are calculated at 12 LT. Themain product of
photo-ionisation and electron-impact ionisation is H+2 , however it is very efficiently converted into H
+
3 ,
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through proton transfer with H2 (reaction 12), as shown in a solid yellow line in Fig. 4.12(d) (loss of H+2 )
and Fig. 4.12(e) (production of H+3 ). Reaction 12 is responsible for the vast majority of H
+
3 production.
Thus H+2 is never dominant in the ionosphere.
H+ is principally formed through photo-ionisation (blue line in Fig. 4.12(a)) and electron-impact
ionisation (red line). It is destroyed though electron-recombination above about 200 nbar (reaction 18,
in purple in Fig. 4.12(b)), however this is a slow process. Hence H+ is a long-lived ion and its density
builds up as the model runs until an equilibrium is attained, where there is little diurnal variation. This
contrasts to H+3 , where electron-recombination is a much faster process (reactions 21 and 22, respectively
in solid purple and dashed purple lines in Fig. 4.12(f)). Therefore, at night, once there is no more stellar
illumination, H+3 is destroyed rapidly.
The production of He+ occurs mainly though photo-ionisation (reaction 5, in blue in Fig. 4.12(g))
and is destroyed via reactions 14 and 15 (in yellow solid and dashed respectively in Fig. 4.12(h)). These
reactions balance out very well, meaning that the density of He+ is very sensitive to the stellar zenith
angle. Heliumhas a high ionisation threshold energy (24.6 eV) and so is only produced in large quantities
in the lower part of the ionosphere, where more energetic photons are absorbed and where He is most
abundant due to its high molecular mass (compared to H and H2). However, in this region, H2 is also
present in large quantities, rendering reaction 15 very efficient at destroyingHe+ ions and producingH+2 .
The variation of electron density, as well as nH+ and nH+3 over the course of a day, is presented in
the contour plots in Fig. 4.13. Note that the electron densities in Fig. 4.13(a) are plotted on a logarithmic
scale, whereas the ion densities ofH+ (Fig. 4.13(b)) andH+3 (Fig. 4.13(c)) are plotted on a linear scale. This
is so that the two distinct regions are clearly visible in the electron density plot. They correspond to an
H+-dominated region in the upper ionosphere at p ! 200 nm, and to an H+3 -dominated region below.
As noted when discussing Fig. 4.11 (where the densities are sampled at the LT indicated by white vertical
lines in Fig. 4.13), the H+-dominated region is relatively uniform over the daily cycle, with a wide peak
spread out over a large pressure range.
The H+3 -dominated region at p " 200 nbar clearly displays a strong diurnal variation (see also
Fig. 4.13(c)), with a density peak near 12 LT. H+3 densities decrease gradually in the evening, as photo-
ionisation ofH2 diminishes with the setting star and remainingH+3 is destroyed through electron recom-
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bination reactions 21 and 22. At dawn, as photo-ionisation is switched back on, there is amore rapid build
up of H+3 ions.
Thediurnal variations in theH+-dominated region are less pronounced, but canbe seen inFig. 4.13(b)
showing H+ densities. Unlike the H+3 density peak, the H
+ peak is offset with the stellar illumination
peak. AmaximumH+ density of 3.9× 106 cm−3 occurs at about 17 LT, the smallest peak is at 7 LT, where
nH+ = 3.4× 106 cm−3. This lag behind the stellar illumination is due to the slow electron-recombination
rate with H+ (reaction 18).
4.3.1.2 Primary and secondary ionisation
I include ionisation through both primary (photo-) ionisation and secondary (electron-impact) ionisa-
tion processes (see Section 4.1). In this section, I describe in more detail the contribution of each of
these processes to ionospheric densities. The ionproduction rates for each photo-ionisation and electron-
impact reaction are plotted in Fig. 4.14, panel (b) showing primary processes and panel (c) showing sec-
ondary processes. Also in this figure are represented the solar spectrum from TIMED/SEE used to drive
the ionospheric model in the case presented here (panel (a)), and the pressures of unity optical depth
(panel (d)). At an optical depth (τ ) of 1, the stellar flux is reduced by a factor of e from its value at the
top of the atmosphere. Thus the pressure (or altitude) at which τ = 1 indicates, for photons of a given
wavelength, the pressure at which most of their energy is deposited. So the two (identical) panels (d) in
Fig 4.14 allow us to identify the emission lines in the stellar spectrum (panel (a)) that are responsible for
the different peaks in the ionisation rate plots (panels (b) and (c)).
The optical depth is determined by the densities of atmospheric constituents, the incoming stellar
flux, and the photo-absorption cross-sections (plotted in Fig. 4.1). Since we use low-resolution photo-
absorption cross-sections (see Section 4.2), the pressure of unity optical depth decreases monotonically
with photon wavelength (i.e., the altitude of unity optical depth increases monotonically with wave-
length). This means that higher energy photons deposit their energy lower in the ionosphere. Note also
that due to the higher gradient of the p(τ = 1) curve at lower wavelengths, high-energy (e.g., soft X-ray)
stellar emission lines affect a much more extended region of atmosphere than higher wavelength stellar
emissions.
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Figure 4.13: Densiঞes as a funcঞon of local ঞme and pressure, for an EGP at 1 AU from a Sun-like star (at solar maximum), shown at
30◦ laঞtude and local noon. The white verঞcal lines at 06 LT, 12 LT, and 18 LT indicate the local ঞmes ploed in Fig. 4.11. Note that
the electron densiঞes in plot (a) are shown on a log scale, whereas the ion densiঞes in plot (b) and (c) are ploed according to a linear
scale.
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Figure 4.14: Ionisation rates from photo-ionisation and electron-impact ionisation processes,
for an EGP at 1 AU from a Sun-like star (at solar maximum), shown at 30  latitude and local
noon (  = 30 ).
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Figure 4.14: Ionisation rates from photo-ionisation and electron-impact ionisation processes,
for an EGP at 1 AU from a Sun-like star (at solar maximum), shown at 30  latitude and local
noon (  = 30 ).
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Figure 4.14: Ionisation rates from photo-ionisation and electron-impact ionisation processes,
for an EGP at 1 AU from a Sun-like star (at solar maximum), shown at 30  latitude and local
noon (  = 30 ).
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Figure 4.14: Ionisation rates from photo-ionisation and electron-impact ionisation processes,
for an EGP at 1 AU from a Sun-like star (at solar maximum), shown at 30  latitude and local
noon (  = 30 ).
Figure . 4: (a) S lar ﬂuxes at 1 AU as a uncঞon of wavelength for he Sun (TIMED/SEE observaঞon from 14th January 2014). (b)
Photo-ionisaঞon producঞon rates and (c) electron-impact ionisaঞon producঞon rates for an EPG orbiঞng at 1 AU from a Sun-like star
at solar maximum, shown at 30◦ laঞtude and local noon (χ = 30◦). (d) Pressure for which the opঞcal depth τ is unity, as a funcঞon
of wavelength.
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As discussed in Section 4.3.1.1, H+2 is themain ion formed through photo-ionisation (see Fig. 4.14(b))
and electron-impact ionisation (see Fig. 4.14(c)). The peak photo-ionisation of H2 via reaction 1, located
at a pressure of around 4 nbar is due to the absorption of photons from the main solar EUV emission
line, theHe II 30.4 nm line. H+ photo-ionisation occurs principally through reaction 2 (H2 → H++H)
in the low-to-mid ionosphere, peaking at around 6 nbar. This peak is created by a combination of the
strong solar emission lines of He II at 30.4 nm and the highly ionised Fe emission lines just below 20 nm,
in particular the Fe IX line at 17.1 nm. Due to large amounts of neutral hydrogen in the upper ionosphere,
photo-ionisation reaction4 (H→ H+) is a large source ofH+ above about 1 nbar. At these lowpressures,
photo-ionisation takes place with longer wavelength photons, roughly between 70 and 91.2 nm (the H
ionisation threshold), including the H I Lyman continuum. He is strongly photo-ionised in the lower
ionosphere, below p = 100 nbar, where reaction 5 (He → He+) is the main photo-ionisation process.
Densities of He are high at these pressures and photo-ionisation occurs due to soft X-ray photons.
Electron-impact ionisation rates are presented in panel (c) of Fig. 4.14. The suprathermal electrons
that initiate electron-impact ionisation reactions originate either as photo-electrons (createdduringphoto-
ionisation) or are secondary electrons produced via a previous electron-impact ionisation. Since more
energetic photons produce more energetic photo-electrons, electron-impact ionisation has a larger con-
tribution at high pressures (i.e., low altitudes), where the highest energy stellar photons are absorbed –
having considered the LRH2 photo-absorption here (see Section 4.2). In this region, the density of neu-
tral species is high enough that the transport of suprathermal electrons is small, such that they thermalise
near to where they are formed. Therefore the τ = 1 curve in Fig 4.14(d) may also be used to relate peaks
in the electron-impact ionisation rates (panel (c)) to stellar emission lines (panel (a)). Stellar photons at
wavelengths below about 20 nm are energetic enough to create photo-electrons capable of ionising the
neutral atmospheric constituents.
Fig. 4.15 shows the photo-electron source function taken at a pressure of 3.2 nbar, which is the pressure
at which the optical depth is unity for photons of wavelength 30.4 nm, corresponding to the He II solar
line. This plot shows the energy distribution of photo-electrons formed at that particular pressure level
within the atmosphere. The photo-electron energyEphoto-e− can be related to the energy of the incoming
stellar photonEhν and the ionisation energy of the photo-ionisation reactionEi through the following
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Figure 4.15: Photo-electron source funcঞon, for an EGP at 1 AU from a Sun-like star (at solar maximum), at a stellar zenith angle
χ = 30◦. Sampled at an atmospheric pressure level of p = 3.2 nbar, corresponding to the pressure at which τ = 1 for photons from
the He II 30.4 nm solar emission line. Note that some of the jumps are due to the 1 nm binning of the solar spectrum, especially at
high energies, e.g., at 1.2 keV.
expression:
Ephoto-e− = Ehν − Ei. (4.41)
Thus, the peak photo-electron energy recorded in Fig. 4.15, of Ephoto-e− = 25.4 eV, combined with the
knowledge of the main photo-ionisation reaction at p = 3.2 nbar (reaction 1, with Ei = 15.43 eV, see
Table 4.6), allows confirmation of the wavelength of stellar photons that are the principal source of ion-
isation at this pressure level: Ehν = 40.8 eV, which indeed corresponds to the He II 30.4 nm emission
line.
Electron-impact ionisation affects ion densities in the ionosphere differently at different times of day.
Fig. 4.16 is a contour plot showing the ratio of electron densities between a full calculation taking both
photo- and electron-impact ionisation into account (ne(PI+II)) and electron densities calculated with
only photo-ionisation (ne(PI)). Only the lower ionosphere is plotted since above a few 101 nbar, essen-
tially ne(PI+II)/ne(PI) ∼ 1. Including secondary ionisation has the most effect on electron densities
shortly after dawn, at around 7 LT. This corresponds to the LT when H+3 densities are strongly increas-
ing. Since there are no photo-electrons during the night, there is little electron-impact ionisation. There
are some differences after dusk, while extra ions built up during the day though secondary ionisation are
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Figure 4.16: Raঞo of electron densiঞes determined including both primary (photo-) ionisaঞon and secondary (electron-impact) ioni-
saঞon ne(PI+II) and those determined including just primary ionisaঞon ne(PI), for an EGP orbiঞng a Sun-like star at 1 AU. Note
that only the higher pressures are shown in this plot, but the atmosphere sঞll extends to p = 3× 10−3 nbar.
destroyed.
These results, for an EGP orbiting a Sun-like star at 1 AU are similar to those found in past studies at
Saturn [Moore et al., 2004, 2009, Galand et al., 2009].
4.3.2 Planets orbiting other low-mass stars at 1 AU
Having detailed the ‘standard’ case of a planet orbiting at 1 AU from the Sun in the previous section
(Section 4.3.1), I nowmove on to EGPs orbiting other low-mass stars at the same orbital distance of 1 AU.
In Section 4.3.2.1, I focus on the cases of planets with stable upper atmospheres, i.e., planets orbiting ϵ
Eri and ADLeo. In Section 4.3.2.2, I describe the case of a planet orbiting at 1 AU from the star AUMic,
which experiences hydrodynamic escape.
4.3.2.1 EGPs around ϵ Eri and AD Leo (atmospheres in hydrostatic equilibrium)
Planets orbiting the Sun, ϵ Eri and AD Leo at a distance of 1 AU all possess very similar neutral thermo-
spheres, since they are all in a stable regime, where atmospheric escape is in the classical Jeans regime (see
Chapter 3 and Appendix A). However, due to large differences in spectral irradiance between each star –
both in terms of absolute flux level and spectral shape – the ionospheres of planets orbiting these stars are
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Figure 4.17: (a) Stellar ﬂuxes at 1 AU as a funcঞon of wavelength for the Sun at solar minimum (TIMED/SEE observaঞon from 15thMay
2008) in green, the Sun at solar maximum (TIMED/SEE observaঞon from 14th January 2013), ϵ Eri (syntheঞc spectrum) in yellow, and
AD Leo (syntheঞc spectrum) in red. (b) Combined electron producঞon rate through photo-ionisaঞon and electron-impact ionisaঞon
for an EPG orbiঞng at 1 AU from the Sun at solar minimum (green), the Sun at solar maximum (blue), ϵ Eri (yellow), and AD Leo (red).
(c) Pressure for which the opঞcal depth τ is unity, as a funcঞon of wavelength. This is the average value for between each of the
atmospheres represented in panel (b).
very different from each other. Fig. 4.17 relates electron production rates in these atmospheres (in panel
(b)) to the stellar spectra (in panel (a)), via the curve of pressure for which optical depth is unity (panel
(c)). I compare the case of an EGP orbiting the Sun at solar minimum (in green) and at solar maximum
(in blue), the star ϵ Eri (in yellow), and AD Leo (in red). Note that p(τ = 1) is dependent on the neu-
tral atmosphere, but since all of the neutral atmospheres of the planets presented here are so similar, the
curves of p(τ = 1) are also very similar. I have plotted the mean of the four p(τ = 1) curves in panel
(c); had I plotted each case individually, one would barely notice any difference, the curves being mostly
superposed.
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The case of planets orbiting the Sun at solar maximum has already been described in Section 4.3.1.
The electron production rates in such an atmosphere at solar minimum are qualitatively similar. The
main production peak is due to emissions from the star in theHe II 30.4 nm line, whilst the Fe IX 17.1 nm
line extends themain peak to higher pressures. A secondary peak in the lower ionosphere is formed from
soft X-rays, at wavelengths just below 10 nm. Note that there is a larger increase in the production rate in
the secondary peak (p ∼ 200 nbar) than the main peak (p ∼ 4 nbar) between solar minimum and solar
maximum. This is due to the fact that the solar flux does not increase uniformly in wavelength, X-ray
emission increases more than EUV (see Fig. 2.17 and corresponding discussion in Chapter 2).
The same effect is evenmore visible when contrasting planets orbiting the Sun to planets orbiting the
more active stars ϵ Eri and AD Leo, which have X-ray luminosities, respectively, 12.4 and 33.8 times the
solar value (see Table 2.5). X-ray emissions from these stars are so much higher than from the Sun that
there is considerable extra absorption below the lower boundary of the ionosphere model (considered to
correspond to the homopause). Thus the electron production rates in Fig. 4.17(b) for planets orbiting
ϵ Eri and AD Leo are still increasing at the lower boundary p = 103 nbar. Additionally, whereas X-ray
fluxes from AD Leo are higher than those from ϵ Eri, in the EUV the opposite is true. Therefore, below
the main ionospheric peak, electron production rates in the EPG around AD Leo are higher than those
of the planet orbiting ϵ Eri, while at and above the main peak, ionisation is stronger around ϵ Eri.
The ratio of electron-impact tophoto-ionisation (theprimary efficiency) is plotted inFig. 4.18 for each
of the four cases. As expected, since the pressure at which τ = 1 increases monotonically with decreasing
wavelength (see Fig. 4.17(c)), higher energy photons are absorbed lower down in the ionosphere. So the
highest energy photo-electrons, responsible for the most ionisation, are formed at high pressures. The
pressure at which electron-impact ionisation overtakes photo-ionisation is about 10 nbar, which is just
below the main production peak (see Fig. 4.17(b)).
The lower ionosphere is themost affected by increased stellar activity, since it is theX-raywavebandof
the stellar spectrum that is themost enhanced as stellar activity increases and since high energyphotons are
absorbed at low altitudes. This can be seen in Fig. 4.19, which shows contour plots of ratios of electron
densities between planets orbiting different stars, as a function of local time (LT) and pressure. Panel
(a) compares solar maximum to solar minimum; panel (b) compares ϵ Eri to the Sun at solar maximum
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Figure 4.18: Primary eﬃciency (raঞo of secondary to primary electron producঞon) versus pressure in an EGP orbiঞng the Sun at solar
minimum (green), the Sun at solar maximum (blue), the star ϵ Eri (yellow), and the star AD Leo (red).
and panel (c) compares AD Leo to the Sun at solar maximum. The lower ionosphere, below 100 nbar
is boosted the most in more active stars. During daytime the largest increases in electron density occur
just after dawn (between 6 and 7 LT) in the H+3 layer (see Section 4.3.1). At a pressure of 800 nbar, the
electron density (practically equal to the H+3 number density) is multiplied by a factor of 4.0 between
solar minimum and solar maximum, by a factor of 13 between an EGP orbiting ϵ Eri and one orbiting the
Sun at solar maximum, and by a factor of 32 between an EGP orbiting ADLeo and one orbiting the Sun
at maximum. Increases in electron density are smaller at noon, multiplied by respectively 1.5, 2.8, and 5.0
in the three cases (i.e., solar max/solar min, ϵ Eri/Sun at max, AD Leo/Sun at max).
Someof the largest increases in electrondensity are observedduringnight time in the transition region
between the dominance of the H+3 ion at p ! 100 nbar and the dominance of H+ at p " 100 nbar.
Indeed, ne is larger by a factor of 160 in this layer just before dawn (between 5 LT and 6 LT) between a
planet orbiting AD Leo and a planet around the Sun during solar maximum, and 20 times higher in the
case of ϵ Eri compared to the Sun. This is due to the fact that with increased ionisation at low altitudes,
H+ is present in larger quantities lower down in planets orbiting more active stars. Since this ion is long-
lived, whereas H+3 is rapidly destroyed in the lack of stellar illumination, its presence at lower altitudes
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Figure 4.19: Contour plots as a funcঞon of local ঞme and pressure of the raঞos between electron densiঞes in diﬀerent upper atmo-
spheres. Shown at 30◦ laঞtude in planets orbiঞng at 1 AU.
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results in far more ions and electrons being present in this layer of the ionosphere.
Fig. 4.20 presents the variation over the course of a day of the peak densities of the two main iono-
spheric constituents, H+ (in red) and H+3 (in purple), for planets orbiting each star. The same diurnal
variation is predicted as that discussed in Section 4.3.1 for a planet orbiting the Sunduring solarmaximum
or found at Saturn (e.g., Moore et al. [2004], Galand et al. [2009]), namely a strong variation in densities
of the short-lived ionH+3 , with a peak that is almost symmetrical around 12 LT, and a significantly smaller,
almost imperceptible diurnal variation in H+ density, with an peak at around 17 LT that is offset from
the peak in stellar illumination. PeakH+3 densities increase alongwith the stellar X-ray flux, whereas peak
H+ densities are a function of the stellar EUV flux level. Thus, higher H+3 densities occur in the planet
around ADLeo than around ϵ Eri, but higher H+ densities are found in the planet orbiting ϵ Eri. Values
of peak H+3 and H
+ densities along with the LT at which the peak is attained are provided in Table 4.7.
4.3.2.2 EGPs around AUMic (atmospheres undergoing hydrodynamic escape)
AU Mic is the youngest and most active star included in this study, and as such has the strongest XUV
emissions (see Chapter 2, e.g., Table 2.6). As a consequence, theHD209458b-type planet thatwemodel is
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Table 4.7: Peak densiঞes of H+ and H+3 over a diurnal cycle, at 30◦ laঞtude in the ionosphere of planets orbiঞng diﬀerent stars at a
distance of 1 AU.
max(nH+3 ) [cm
−3] LT [hrs] max(nH+) [cm−3] LT [hrs]
Sun at solar min 1.9× 104 12.2 2.9× 106 16.7
Sun at solar max 2.8× 104 12.0 3.9× 106 16.7
ϵ Eri 8.0× 104 12.2 6.2× 106 16.7
AD Leo 1.4× 105 12.2 5.5× 106 16.8
in a regime of hydrodynamic escape, even at an orbital distance of 1 AU, whereas the same planet orbiting
at the same distance from a Sun-like star, ϵEri, orADLeo is in the slow escape regime (seeChapter 3). The
thermospheric neutral density profiles are given in Appendix A. The atmosphere extends out to much
lower pressures than at planets in the stable regime andmolecules, such asH2, are fully dissociated at high
pressures – in the case of an EGP orbiting AUMic at 1 AU, H2 is dissociated between 1 and 0.1 nbar.
Just as in planets in the stable regime, the ionosphere of EGPs undergoing hydrodynamic escape is
composed of two distinct regions, characterised by the major ion: H+ is dominant above the H2/H dis-
sociation front, whereas H+3 dominates below. H
+
2 and He
+ ions are always minor constituents, for the
same reasons discussed in Section 4.3.1.
Contour plots of the electron andmajor ion densities are shown in Fig. 4.21 at 30◦ latitude on an EGP
orbiting AU Mic at 1 AU. As in the planets orbiting less active stars (see Sections 4.3.1 and 4.3.2.1), due
to their short-lived nature, H+3 ions reach a well-defined daily peak near noon and are depleted during
night time, when there is no stellar illumination. Conversely, the long-lived H+ ions reach their daily
peak density between 16 and 17 LT and are present in large quantities throughout the night, due to the
fact that they only recombine slowly with electrons (reaction 18 is slow).
In contrast to the planets in the stable regime, H+3 is confined to higher pressures in planets orbiting
AUMic at 1 AU, since it can only be formed in regions where H2 is present. Its peak density is, however,
larger than in the planets discussed in Section 4.3.2.1 due to the enhancedX-ray flux: theH+3 peak density
reaches 2.4 × 105 cm−3 at 12.2 LT (compared to 1.4 × 105 cm−3 for a planet at 1 AU from AD Leo, see
Table 4.7). Densities of H+ are also larger, a peak of 1.1 × 107 cm−3 is present at 16.3 LT, at a pressure of
about 4 nbar (compared to a peak of 5.5 × 106 cm−3 at 1 AU from AD Leo). Note that the H+ contour
has a double peak, one at 4 nbar and the other at 0.3 nbar (see Fig.4.21(b)). This is due to the dissociation
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Figure 4.21: Densiঞes as a funcঞon of local ঞme and pressure, for an EGP at 1 AU from the star AU Mic, shown at 30◦ laঞtude and
local noon. Note that the electron densiঞes in plot (a) are shown on a log scale, whereas the ion densiঞes in plot (b) and (c) are ploed
according to a linear scale.
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Figure 4.22: Electron producঞon rates from photo-ionisaঞon and electron-impact ionisaঞon in EGPs orbiঞng diﬀerent stars at 1 AU.
ofH2, which takes place between these two peaks. In particular, reaction 17 (H+2 +H→ H++H2) only
contributes to the peak at 4 nbar. Additionally, below the H2/H dissociation front, photo-ionisation
reactions 2 and 3 (ionisation of H2 to form H+) contribute to the peak at 4 nbar. The smaller peak at
0.3 nbar is mainly formed from photo-ionisation of atomic H.
A comparison of electron production rates from photo- and electron-impact ionisation for EGPs
around different stars at 1 AU is shown in Fig. 4.22. This plot includes the case of a planet orbiting AU
Mic (in black). Highly enhanced stellar X-ray emission (LAUMicX /L
⊙
X = 140), produces more ionisation
at high pressures, as compared to planets orbiting the less active stars. Just as with EGPs around ϵ Eri
and AD Leo (see Section 4.3.2.1), peak production is located below the model’s lower boundary. Above
p = 1 nbar, the electron production rate in a planet aroundAUMic is lower than that in a planet orbiting
ϵ Eri. This is due to the fact that H2 is dissociated at these low pressures and so only photo-ionisation
reaction 4 and electron-impact reaction 9, both of which ionise neutral H, operate in this region.
158
4.3.3 Using scaled solar spectra
In Chapter 2, I derived a new scaling of the solar XUV spectrum to match the spectra of other low-mass
stars, using different scaling factors for the X-ray and EUV bandpasses. These scaled spectra were tested
against synthetic spectra derived from the coronal model in terms of the neutral atmosphere in Chapter 3
(Section 3.4). It was found that the EMD-scaled solar spectra were adequate to estimate neutral densities
and planetarymass loss rates. In this section, I undertake the same comparison (synthetic to EMD-scaled
solar spectra) using the ionospheric model. All of the model runs in this section are for planets with an
orbital distance of 1 AU.At this orbital distance, the upper atmosphere of EGPs aroundAUMic undergo
hydrodynamic escape, whereas those orbiting ϵ Eri and AD Leo are in the classical Jeans escape regime
(see Section 3.3).
Electron production rates, comparing planets irradiatedwith the synthetic and scaled solar spectra are
presented in Fig. 4.23(b) for ϵEri, Fig. 4.24(b) forADLeo, andFig. 4.25(b) forAUMic. The stellar spectra
are plotted in panels (a) of these same figures, and the pressures at which optical depth is unity is shown
in panels (c). Below a pressure level of about 2 nbar for planets orbiting ϵ Eri and ADLeo, and 4 nbar for
planets orbiting AU Mic, the electron production is higher when using the scaled spectra. Conversely,
above this pressure level, using the synthetic spectra results in more ionisation. This can be related to the
stellar spectra using the plot of p(τ = 1), in panel (c) of each figure. I have highlighted in shaded green
and orange the two layers of atmosphere: in orange is the regionwhere there is more electron production
using the scaled spectra and in green, where there is more ionisation using the synthetic spectra. The
layer of atmosphere highlighted in orange corresponds to wavelengths between 4 and 32 nm in the stellar
spectra (photons of λ < 4 nm are aborbed below the lower boundary of the model), and the layer in
green, to wavelengths between 32 nm and the H ionisation threshold at 91.2 nm. Note that different
p(τ = 1) curves between the different stars mean that photons of the same wavelength in the stellar
spectra (at 32 nm) are absorbed at around 2 nbar in planets orbiting ϵ Eri and AD Leo, and at around
4 nbar in planets around AUMic.
The integrated flux between 4 nm and 32 nm is higher in the scaled solar spectra than in the synthetic
spectra, and vice versa between 32 nm and 91.2 nm. For example, in the case of ϵ Eri, the flux at 1 AU
between 4 nm and 32 nm is 44% higher in the scaled spectrum than the synthetic and 16% lower between
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Figure 4.23: For the star ϵ Eri: (a) Stellar ﬂuxes at 1 AU as a funcঞon of wavelength for the syntheঞc spectrum (black) and the EMD-
scaled solar spectrum (in red). (b) Electron producঞon rate through photo-ionisaঞon (solid lines) and electron-impact ionisaঞon (dashed
lines) for an EPG irradiated at 1 AU by the syntheঞc spectrum (in black) and the EMD-scaled solar spectrum (in red). The stellar zenith
angle is 30◦. (c) Pressure for which the opঞcal depth τ is unity, as a funcঞon of wavelength for an EPG irradiated at 1 AU by the
syntheঞc spectrum (in black) and the EMD-scaled solar spectrum (in red).
32 nm and 91.2 nm. This explains the difference in the ionisation rate profiles for planets around ϵ Eri and
AD Leo. However in the case of AUMic, the stellar flux between 32 and 38 nm is larger in each 1-nm bin
of the scaled spectrum than in the synthetic spectrum, despite the electron production rate being lower
at the corresponding pressures (see Fig.4.25). The cause of this lies in the neutral atmosphere, and the
pressure at which H2 is dissociated.
The upper atmospheres of EGPs orbiting stars such as AU Mic at 1 AU is in the hydrodynamic es-
cape regime. In this regime molecular hydrogen is fully dissociated at high pressures and the pressure
level at which this dissociation front is located is very sensitive to temperature. Therefore, the differences
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Figure 4.24: For the star AD Leo: (a) Stellar ﬂuxes at 1 AU as a funcঞon of wavelength for the syntheঞc spectrum (black) and the
EMD-scaled solar spectrum (in red). (b) Electron producঞon rate through photo-ionisaঞon (solid lines) and electron-impact ionisaঞon
(dashed lines) for an EPG irradiated at 1 AU by the syntheঞc spectrum (in black) and the EMD-scaled solar spectrum (in red). The stellar
zenith angle is 30◦. (c) Pressure for which the opঞcal depth τ is unity, as a funcঞon of wavelength for an EPG irradiated at 1 AU by
the syntheঞc spectrum (in black) and the EMD-scaled solar spectrum (in red).
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Figure 4.25: For the star AU Mic: (a) Stellar ﬂuxes at 1 AU as a funcঞon of wavelength for the syntheঞc spectrum (black) and the
EMD-scaled solar spectrum (in red). (b) Electron producঞon rate through photo-ionisaঞon (solid lines) and electron-impact ionisaঞon
(dashed lines) for an EPG irradiated at 1 AU by the syntheঞc spectrum (in black) and the EMD-scaled solar spectrum (in red). The stellar
zenith angle is 30◦. (c) Pressure for which the opঞcal depth τ is unity, as a funcঞon of wavelength for an EPG irradiated at 1 AU by
the syntheঞc spectrum (in black) and the EMD-scaled solar spectrum (in red).
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Figure 4.26: Neutral densiঞes from the thermospheric model in an EGP irradiated at 1 AU by the syntheঞc AU Mic spectrum (solid
lines) and the corresponding EMD-scaled solar spectrum (in dashed lines).
in spectral shape between the star’s synthetic spectrum and the corresponding scaled solar spectrum are
enough to shift the H2 dissociation pressure. This can be seen in Fig. 4.26, where densities of the neutral
species obtained from the thermospheric model are plotted. The densities obtained using the synthetic
spectrum are shown in solid lines and those obtained using the scaled spectrum are shown in dashed lines.
In the atmosphere irradiated by the scaled solar spectrum, H2 is fully dissociated at a higher pressure – at
∼ 4 nbar rather than∼ 2nbar. Indeed, temperatures in this atmosphere are higher (see Fig. 3.8) than in
the atmosphere irradiated by the synthetic spectrum. Therefore, since H2 is not present between 4 and
2nbar in the EPG irradiated by the scaled spectrum, electron production rates are lower at these pressures,
despite slightly higher amounts of stellar radiation being absorbed, as compared to planets irradiated by
the synthetic spectrum of AUMic.
A prominent difference in XUV spectral shape between the solar and the synthetic stellar spectra is
the presence of a large peak at around 8 nm in the solar spectrum, which is not present in the synthetic
spectra. In the ϵ Eri and AD Leo cases, this extra emission present in the scaled solar spectra, results in an
additional peak at a pressure of 250 nbar in the profile of electron production through photo-ionisation
(see Figs. 4.23(b) and 4.24(b)). In the case of an EGP aroundAUMic, this extra peak is present at a lower
pressure of 100 nbar.
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Figure 4.27: Ion densiঞes as a funcঞon of pressure at 30◦ laঞtude and 12 LT for an EGP irradiated by the syntheঞc spectra (solid lines)
and the EMD-scaled spectra (dashed lines). The orbital distance is 1 AU.
Ion densities for planets irradiated by either the synthetic spectra or the scaled solar spectra corre-
sponding to each of the three stars are shown in Fig. 4.27. Ion densities determined using the synthetic
spectra are plotted in solid lines and those determined using the scaled spectra are plotted in dashed lines.
All of the densities shown in this figure are determined at noon at 30◦ latitude.
As expected from the electron production rate profiles (in Figs. 4.23-4.25(b)), at high pressures, more
ions are present in the planets irradiated by the scaled spectra. This results in a lowering of the peak inH+
density in planets orbiting all three stars. There is roughly an order ofmagnitudemoreH+ at 200 nbar in
planets around ϵ Eri andADLeo and at 300 nbar in planets aroundAUMic. However, at high pressures,
densities of H+3 are either the same or slightly lower when using the scaled spectra. Indeed, the density of
H+3 is determined by a competition between its production from H
+
2 via reaction 12 (see Table 4.4) and
its loss through electron-recombination (reactions 21 and 22). At high pressures (between about 50 and
500 nbar), there is a significant excess of H+ formed through photo- and electron-impact ionisation with
the scaled spectra when compared to using the synthetic spectra. Thus there are also significantly more
electrons at these pressures and the increased rates of reactions 21 and 22 counter balance the increased
production of H+3 .
At low pressures, the densities of the minor species H+3 , H
+
2 and He
+ are larger in the planets irradi-
ated by synthetic spectra than in those irradiated by the scaled spectra, due to more photo- and impact-
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ionisation (see Figs. 4.23-4.25(b)). Densities of the major ion H+ above about 10 nbar are very similar
whether using the synthetic or the scaled solar spectra.
There is more difference in terms of ion production and densities between using the scaled solar spec-
tra and the synthetic stellar spectra than in terms of neutral densities. Indeed, H+ and electron densities
vary by about an order of magnitude in the lower ionosphere. However, the density of H+3 is relatively
well regulated and does not vary dramatically at pressures where it is most abundant. This means that,
at least in the cases studied here, cooling through IR H+3 emissions is not significantly affected by us-
ing scaled solar spectra. Hence the regime of atmospheric escape (and associated mass loss rates) are well
determined using scaled solar spectra with the thermospheric model (see Chapter 3).
4.3.4 Variationwith orbital distance
So far, in Sections 4.3.1, 4.3.2 and 4.3.3, I have only considered planets orbiting at 1 AU, although I have
used spectra from stars of different activity levels and so have studied planets in both escape regimes (i.e.,
slow, Jeans escape and fast, hydrodynamic escape – see Chapter 3). In this Section, I shall discuss how
the ionosphere changes with orbital distance by considering anHD209458b-type planet orbiting the star
AD Leo at 1 AU, 0.5 AU, and 0.2 AU.
The critical orbital distance atwhich theupper atmosphere of anEGPorbitingADLeo switches from
Jeans to hydrodynamic escape is located between 1 AU and 0.5 AU (see Section 3.3). Peak temperatures
in the thermosphere are about 2,000 K at 1 AU, 8,000 K at 0.5 AU and 10,500 K at 0.2 AU. Ion densities
of the twomajor ions H+ andH+3 , determined at noon at 30
◦ latitude are plotted in Fig. 4.28. Note that
these have only been determined using photo-ionisation (not including electron-impact ionisation) and
so the densities are underestimated at higher pressures.
With increased stellar radiation, as the planet is moved closer to the star, overall ion densities increase
but not in a linear fashion. At 0.2 and 0.5 AU, where the atmosphere is escaping hydrodynamically, H2
is fully dissociated below about 1 nbar at 0.5 AU and 3 nbar at 0.2 AU. H+3 cannot be formed below this
dissociationpressure. At small orbital distances, thedensity ofH+ increases vastly in the lower ionosphere
– at a pressure of 500 nbar, it goes from6×103cm−3 at 1AU, to 4.5×105cm−3 at 0.5AU, and 2.6×106cm−3
at 0.2 AU. The evolution of the peak density ofH+3 with orbital distance is a little more complicated. H
+
3
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Figure 4.28: Major ion densiঞes for an EGP orbiঞng AD Leo at diﬀerent orbital distances, determined at 30◦ laঞtude and 12 LT.
Secondary ionisaঞon (electron-impact) not included.
is effectively destroyed by electron-recombination (reactions 21 and 22 – see Table 4.4). With orders of
magnitude more H+ being formed at high pressures, the increase in electron density results in a larger
loss rate for H+3 . Therefore, as the H
+ peak is pushed to higher pressures with increased stellar flux, the
H+3 peak gets reduced. At 0.2 AU, the H
+
3 peak is below the lower boundary of the ionospheric model.
At higher pressures, there is an increased likelihood that H+3 will further be destroyed through reaction
with heavy species. Thus at small orbital distances H+3 is only likely to be a minor constituent of the
ionosphere at all pressure levels.
There is an ongoing search to detect IR emissions from H+3 from exoplanetary atmospheres, since
these emissions have been detected in Solar System gas giants (see Chapter 1). Given the results here, it
is likely that close-orbiting Hot-Jupiter exoplanets are not good candidates for observations of this type.
The level of H+3 IR emissions from the EGP atmospheres modelled in this thesis will be the subject of
future work (see Chapter 5).
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4.3.5 Flares
The most active star studied in this work is the flare star AU Mic. Using the coronal model (see Sec-
tion 2.3.2), J. Sanz-Forcada has provided me with both a quiescent spectrum and a flaring spectrum for
this star. I have used solely the quiescent spectrum in my thesis work, except in this section, where I
present some preliminary results modelling the effect of a flare on the atmosphere of an EGP orbiting
AUMic at 1 AU.
Flares have been observed on a number of young, active low-mass stars ofM and K type and they are
understood to be of similar origin to their solar counterparts, despite being 2 to 4 orders of magnitude
more energetic [Covino et al., 2001, Sanz-Forcada and Micela, 2002]. These events are typically short
lived in low-mass stars, lasting on the order of a few hours. Solar flares are discussed in more detail in
Sections 1.2.2 and 2.2.4.
Given their short-lived nature, I consider that the stellar flares do not affect the neutral thermosphere,
which has comparatively long timescales. Therefore, for neutral densities and temperatures, I use results
from the thermospheric model using the quiescent spectrum of AUMic. Note that this assumptionmay
not be valid if the star is active enough that flare events occur very frequently. To simulate a flare I run the
ionospheric model for a stellar zenith angle of 30◦ and I do not consider any planetary rotation, so as to
dissociate the effects of the day/night cycle from those of the flare. Themodel is left to converge to steady-
state before the arrival of the flare at t = 0, using the quiescent spectrum. As a first approximation, I
consider the evolution of the stellar spectrum to be a step function lasting one hour, i.e. for−∞ < t ≤ 0
the planet is irradiated using the quiescent spectrum, for 0 < t ≤ 1 hour the planet is irradiated by the
flaring spectrum, and for t > 1 hour, the planet is once more irradiated using the quiescent spectrum.
For themoment, the flaringmodule of the ionosphericmodel is not coupled to the suprathermal electron
model. Therefore, electron-impact ionisation is not included in these results.
Fig. 4.29(top) shows the quiescent (in black) and flaring (in red) synthetic stellar spectra for AUMic.
At the bottom of the same figure is the time evolution of the stellar spectrum used to irradiate the planet
during the flare, where at a given time t, the colours indicate the level of stellar flux in each wavelength
bin, normalised to the flux in that bin before the flare (i.e., to the flux from the quiescent spectrum). This
plot can be compared to similar plots for observed solar flares in Figs. 2.8 and 2.9. Certain emission lines
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Figure 4.29: Top: Syntheঞc spectra for AU Mic, in a quiescent state (in black) and during a ﬂare (in red). Emission line labels in red
indicate coronal lines and green labels indicate transiঞon region lines. Boom: Time evoluঞon of the stellar spectrum over the course
of the modelled ﬂare event. The stellar ﬂux in each wavelength bin is normalised by the quiescent ﬂux at the same wavelength. The
simulated ﬂare begins at t = 0 and lasts for one hour.
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ঞme evoluঞon of ion densiঞes are ploed in Fig. 4.31.
stand out as being strongly amplified during the flare both in the synthetic AUMic spectrum and during
the solar flares observed by SDO/EVE and described in Section 2.2.4, e.g., the group of highly ionised Fe
lines between 10 and 15 mn, the Fe XXIV line at 19.2 nm, the He II lines at 25.5 nm and 30.4 nm. This
lends confidence to the synthetic spectrum.
The resulting electron densities in an EGP at 1 AU are plotted in Fig. 4.30. This is a contour plot of
the ratio ne(p, t)/ne(p, t = 0), as a function of time and pressure within the atmosphere, where t = 0
indicates the moment just before the arrival of the flare. The duration of the flare is indicated by verti-
cal dashed white lines. The pre-flare ionosphere is qualitatively similar to local noon of the ionosphere
described in Section 4.3.2.2 (an EGP orbiting a quiescent AU Mic at 1 AU, with a rotation period of
10 hours and calculated at 30◦ latitude). The atmosphere is in hydrodynamic escape and the major ions
are H+ above 400 nbar and H+3 below.
The H+3 dominated region is clearly distinguishable at high pressures (p > 400 nbar) in Fig. 4.30.
It is noticeable by its fast response time to changes in the stellar irradiation. Above this region (at lower
pressures), the presence of H+ is characterised by a more gradual increase in density during the flare and
by a much longer relaxation time after the end of the flare due to the slow rate at which it recombines
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Figure 4.31: Time evoluঞon of major ion densiঞes at given pressure levels.
with electrons.
I have chosen a few pressure levels at which to plot the time evolution of the densities of H+ and
H+3 over the course of the flare, in Fig. 4.31. These pressure levels are indicated by horizontal, continuous
white lines in the contour plot of Fig. 4.30. The evolution of H+3 density is sampled at p = 695 nbar
(in purple in Fig. 4.31), near its peak intensity. The fast response timescale to the sudden change in stellar
irradiation is once again visible – it takes about 3 minutes for nH+3 to reach a new equilibrium value after
a change in stellar flux. The H+3 density is multiplied by almost a factor of 2 during the flare.
The evolution of the density ofH+ is plotted in Fig. 4.31 at two pressure levels: at p = 345 nbar, in the
region where it increases the most during the flare, and at one of its main peaks, at p = 2.5 nbar (just as
for the case described in Section 4.3.2.2, the H+ density possesses two peaks of near identical magnitude,
due to the location of the H2/H dissociation front in between these two peaks). nH+ is still increasing
at all pressures at the end of the flare and would continue doing so if the flare were to last longer. The
relaxtion time of nH+ , back to its pre-flare value takes 3 hours at p = 345 nbar and about 20 hours at
p = 2.5 nbar. This is because at higher pressures, where there are large quantities of neutral species,
reaction 12 (see Table 4.4) converts H+ intoH+3 . Note that the planet considered here is not rotating and
so the same longitude is always facing the Sun during the flare.
Flares are a very common event in young and active low-mass stars, and as shown here can have a large
effect on the ionospheres of many of the planets detected around such stars. As such, they merit further
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study.
4.4 Conclusion
In this chapter, I have detailed the construction of an ionospheric model to apply to Extra-solar Gi-
ant Planets (EGPs). The model solves the continuity equation, including transport, for the ions H+,
H+2 , H
+
3 , and He
+; it incorporates photo-chemistry of these species, including photo-ionisation, and
electron-impact ionisation. The latter is determined by coupling the ionosphere model to a suprather-
mal electron transport model (see Section 4.1.1.2). The model uses as input the stellar XUV irradiance,
which is estimated as accurately as possible by applying a coronal model to three different low-mass stars
(see Chapter 2). The second important input is the neutral atmosphere, which is considered a constant
background and is obtained from a 1D thermospheric model (described in Chapter 3). The assumption
that the neutral atmosphere is a constant background is valid for the cases of planets orbiting at 1 AU,
but may not be so for the closer orbiting planets in Section 4.3.4, where ion densities become similar or
greater than neutral densities. The neutral densities are determined with self-consistent stellar fluxes, i.e.,
for a given model run, the same stellar spectra and orbital distance are used in both the thermospheric
and ionospheric models. I have validated the ionospheric model against similar calculations by Moore
et al. [2009] and Galand et al. [2009] for the ionosphere of Saturn.
I have applied the new ionospheric model to the case of an EGP, the parameters of which are based
upon one of the most observed Hot Jupiters, HD290458b (see Chapter 1). I have irradiated the upper
atmosphere of this planet with XUV radiation from the Sun at solar minimum andmaximum, as well as
with radiation from the stars ϵ Eri, AD Leo and AUMic. I mainly consider an orbital distance of 1 AU.
This allows a study of both atmospheric escape regimes (see Chapter 3), since there is a large variation in
stellar activity levels between the four stars (including the Sun) that I use to irradiate the planet. However,
I also consider the case of a star orbiting at 0.5 AU and 0.2 AU from the star ADLeo. I determine ion and
electron densities at a given latitude (30◦) and at all local times over the course of the planet’s rotation,
considering a rotation period of 10 hours, roughly matching that of Saturn and Jupiter.
I find that, with the upper atmosphere in the ‘stable’ regime (i.e., Jeans escape), there is a region in the
lower ionospherewhereH+3 is the dominant ion species (see e.g., Fig. 4.11), reaching peak densities varying
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from 1.9× 104 cm−3 in a planet orbiting the Sun during solar minimum (a = 1 AU) to 1.4× 105 cm−3 in
a planet orbiting AD Leo at the same orbital distance. H+, the dominant ion in the upper ionosphere,
reaches peak densities between 2.9× 106 cm−3 and 6.2× 106 cm−3. PeakH+3 number densities are reached
in layers where stellar X-ray fluxes are absorbed, whereas the peak in H+ is located in the EUV heating
layer. Thus themaximum value ofnH+3 is determined by stellar X-ray flux levels, and themaximum value
of nH+ is determined by stellar EUV flux levels. This is a noteworthy difference, since stellar fluxes in the
X-ray and EUV bands scale differently with stellar activity (see Section 2.2.5).
Similarly towhat has been found at Saturn [Moore et al., 2004, 2009], I find that, sinceH+3 is a short-
lived ion (it recombines rapidly with electrons), its density depends strongly on the stellar zenith angle.
ThusH+3 is mostly depleted during nighttime. This is in contrast to the long-livedH
+ ion, the density of
which evolves on a slower timescale and hence only has a very small diurnal variation, at pressures where
it is the dominant ion. This is less the case in the region where H+ coexists with H+3 . Indeed, photo-
chemical reactions between the two species lead to the loss ofH+ when there is no stellar illumination, by
conversion of H+ ions to H+3 (reaction 13 – see Table 4.4) followed by electron recombination (reactions
21 and 22).
As the XUV stellar flux is increased, whether because of a more active star or a smaller orbital dis-
tance, atmospheric temperatures and flux levels become high enough for the planet to shift to a regime of
hydrodynamic escape (see Chapter 3). This leads to a change in temperature profile (very large tempera-
ture peak) and neutral density structure (molecular hydrogen fully dissociated at a certain pressure level
within the ionosphere). In this situation, the H+3 peak is pushed to higher pressures, mainly as a result
of the increased photo- and electron-impact ionisation of H+ at higher pressure levels (H+3 is destroyed
though recombination with the increased number of electrons). At large enough stellar flux levels (see
Fig. 4.28), H+ is the dominant ion throughout the modelled region of atmosphere. Any peak in H+3
would then be confined to pressures below the lower boundary of the model, where there is an increased
likelihood that it will be destroyed though reactions with heavy species (C, O, etc.) (see Fig 3.2).
Finally, I presented a short, preliminary, study of the influence of a stellar flare on a phase-locked
planet orbiting AU Mic at 1 AU. Once again, I noted that H+3 reponds very rapidly to any change in
stellar illumination, whereas H+ densities build up much more slowly and take a longer time to decay
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after the flare (circa 20 hours for the peak H+ to return to its pre-flare value, after a flare lasting 1 hour).
A number of caveats are to be noted with regards to the results presented in this chapter. Most no-
tably, the inclusion of more complex chemistry near the lower boundary (including species such as hy-
drocarbons) could significantly modify H+3 densities, close to what is determined to be the peak in the
concentrations of the ion in this study. Indeed, in the case of Saturn, I showed, in agreement withMoore
et al. [2004, 2009], that both H+ and H+3 are depleted in the layer at the bottom of the ionosphere con-
taining water and hydrocarbon ions. Additionally, high-resolution H2 photo-absorption cross-sections
would influence ion production rates of species with high ionisation threshold energy, such as CH4.
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5
Conclusions and future work
Over the course of this thesis, I have explored the influence of the high-energy radiation profile of low-
mass stars on theupper atmosphere– thermosphere and ionosphere–ofExtrasolarGiantPlanets (EGPs).
Low-mass stars, of type G, K, and M, are increasingly under focus by exoplanet observers, searching for
small planets. However, these stars are often highly active, displaying variability on different timescales
that affects the atmosphere of planets orbiting them. I began this work by undertaking a study of the
solar and stellar X-ray and extreme ultraviolet emission in Chapter 2. The knowledge of the stellar XUV
spectra gleanedwas then used to provide an input to a thermosphericmodel in Chapter 3, withwhich the
composition and structure of the neutral upper atmosphere was determined. I then built on these results
in Chapter 4 by using the stellar spectra from Chapter 2 and the neutral densities and temperatures from
Chapter 3 as the basis on which to construct a new model of the ionosphere. This work is the first study
of the ionosphere of EGPs that takes into account the different spectral energy distribution of low-mass
stars, using synthetic XUV spectra for stars of different activity levels and stellar type. It is also the first to
couple to a suprathermal electron transport code.
High-energy photons at X-ray and EUV wavelengths are absorbed in upper planetary atmospheres.
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Chapter 2 consisted of an overview of solar emission variability at these wavelengths. I looked at different
timescales: from flaring (∼ hours), to solar rotation (∼ 27 days), and cycle variability (∼ 11 years). Based
upon the evolution of the solar X-ray and EUV fluxes over the course of the solar cycle, I derived a simple
power law that appears to apply to other lowmass stars, allowing to estimate stellar EUV flux levels given
a value of the X-ray flux. This is extremely useful given that most EUV photons are almost completely
absorbedby the interstellarmedium, so it is not possible tomeasuremost of thiswavelengthband inother
stars than the Sun. Furthermore, stellar X-ray fluxes are well catalogued for most stars and so using the
power law derived in Chapter 2 gives easy access to the level of EUV flux in low-mass stars. This original
result was published as part of Chadney et al. [2015].
This work was made possible by obtaining synthetic spectra for three low-mass stars, working with
Jorge Sanz-Forcada (Centro de Astrobiologia CSIC-INTA,Madrid, Spain). These are the K-dwarf ϵ Eri-
dani and the M-dwarfs AD Leonis and AUMicroscopii. Their XUV spectra are determined by using a
coronal model, based on measurements of stellar emission lines in the X-ray, the observable part of the
EUV and the FUV.These synthetic spectra are reliable estimates ofXUV spectral irradiance of these stars.
In the work described in Chapter 3, I collaborated with Tommi Koskinen (LPL, University of Ari-
zona, Tucson, USA) to run a thermospheric model of an EGP irradiated by the stellar spectra derived in
Chapter 2. We published the results of this collaboration in Chadney et al. [2015]. We ran the thermo-
spheric model for planets orbiting the Sun and the three other low-mass stars (ϵ Eri, AD Leo, and AU
Mic) at a range of orbital distances. We confirmed that around all four stars, there are two distinct upper
atmospheric regimes depending on orbital distance. On the one hand, planets at large orbital distances
are in the ‘stable’ regime, where the atmosphere escapes slowly, on a particle-by-particle basis, through
classical Jeans escape. On the other hand, planets orbiting close to their host stars undergo rapid, hydro-
dynamic escape, which greatly modifies the structure and temperature profile of the neutral atmosphere.
The transition between these two regimes occurs over a narrow range of orbital distances due to the ef-
fects of theH+3 thermostat. Indeed,H
+
3 infrared emissions are very effective at cooling the thermosphere.
When ionisation levels increase, so does the cooling effect, allowing EGPs to remain in the stable state at
relatively small orbital distances (e.g., we estimate that the critical orbital distance of escape regime change
is between 0.2 and 0.5 AU for an EGP orbiting the Sun). We showed that in stars that are more active
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than the Sun, the critical orbital distance is pushed further from the star, even to beyond 1 AU for plan-
ets orbiting the very active AU Mic. We also estimated mass loss rates from planets at different orbital
distances from each star.
In Chapter 4, I described the use of the stellar spectra and neutral thermospheric profiles calculated
in previous chapters as inputs to build a new ionospheric model. I solved the one-dimensional, time-
dependent, diffusive continuity equation for each ion component. Photo-chemistry is taken into ac-
count, includingphoto-ionisation and electron-impact ionisation, the latter determinedusing a suprather-
mal electron transport model [Galand et al., 2009]. I applied this model to the case of an EGP orbiting
each of the four stars (including the Sun) at a distance of 1 AU. I considered that the planet’s rotational pe-
riod is 10 hours and performed the calculations at a latitude of 30◦. In all casesH+ is found to be themajor
ion in the topside ionosphere. It is long-lived and so its density does not vary significantly over the diurnal
cycle. In planets with stable atmospheres, H+3 is the dominant ion at high pressures (p ! 200 nbar). H+3
is a short-lived ion that is easily destroyed though electron recombination. As such, its density is highly
dependent on the stellar zenith angle. I found that, given the layers of atmosphere at which they occur,
the peakH+3 density is determined by the stellarX-ray flux and the peak inH
+ is determined by the stellar
EUV flux. In planets in the hydrodynamic escape regime, there is less H+3 . Indeed it is destroyed by the
increased number of electrons present at high pressures because of increased production ofH+. AnyH+3
is confined to lower pressures, where it is likely destroyed though reactions with heavy species.
Alongside running the thermospheric and ionospheric models with the synthetic spectra, we also
used a solar spectrum that was scaled using two scaling factors – one for the X-ray and one for the EUV
– tomatch the stellar emission over these wavebands for each star. We found that this simple new scaling
method to estimate stellar XUV emission using a scaled solar spectrum was effective at producing mass
loss rates that match those derived using the synthetic spectra. A greater difference in ion density profiles
than in terms of neutral densities was found. However the peak density of H+3 , and hence the associ-
ated IR cooling mechanism, are well captured using solar spectra scaled to match stellar X-ray and EUV
emissions.
There is much still to be done to continue the study presented in this thesis. In the immediate future,
I plan to extendmywork on the effects of stellar flares on EGP atmospheres, a preliminary study ofwhich
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I presented in Section 4.3.5. Indeed, intense flares are a common occurrence in active, low-mass stars and
are frequently observed to bemany orders of magnitude that of solar flares. Such intense events will have
large effects on the atmospheres of planets orbiting these stars. I plan to include secondary ionisation, as
well as planetary rotation, which may change the response times of the ionosphere.
Another avenue that I shall be exploring is estimating IR H+3 emissions. This shall be performed
in collaboration with Steve Miller (University College London, UK). Indeed these emissions have been
searched for in the past without success in exoplanetary atmospheres and any detection would allow con-
firmation of some of the results derived though atmospheric modelling. I plan to explore the optimum
targets for H+3 detection, both in terms of planetary and stellar parameters.
Introducing more complex (e.g., hydrocarbon) photo-chemistry in the region near the lower bound-
ary of the ionospheric model is also a future goal. Both H+ and H+3 densities are likely to be strongly
affected by the presence of heavy species. In this case, using high-resolution photo-absorption cross-
sections will become important as significant extra absorption in the lower ionosphere may occur.
There remain a lot of unknowns in the field of exoplanetary atmospheres, not least because of a lack of
observations. This is both true with regards to the planetary atmospheres themselves – there is currently
very little constraint on atmospheric dynamics for example – and in terms of the behaviour of activity
cycles of low-mass stars. In recent years, however, Kepler observations have sparked a renewal of interest
in stellar activity [e.g., Chaplin et al., 2011, McQuillan et al., 2014, Lurie et al., 2015], at least in the visible,
withmanymore results remaining tobedugout of the existingdata. StellarUVobservations are currently
performedwithHST, but once it is decommissioned, UV capability will be lacking and there is an urgent
need for a replacement mission. Proposals such as Arago, which was recently submitted to the European
Space Agency (ESA) are of significant value. This mission was not selected but attests of strong interest
from the community. As for planetary atmospheres, future space missions, such as NASA’s JamesWebb
Space Telescope (JWST), will give us further insight through IR transit observations. Future detection
efforts will include ESA’s PLAnteary Transits and Oscillations of stars (PLATO) mission, due to launch
in 2024, which will be able to obtain precise planetary mass and radius measurements of planets orbiting
bright stars. This mission will also study the host stars through asteroseismology, allowing the determi-
nation of stellar masses, radii and ages, which are important for characterising the planets orbiting these
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stars. Ground-based observations have also been of great use in characterising transiting exoplanetary
atmospheres in the past [e.g., Swain et al., 2010, Sing et al., 2012] and will continue to be so in the future.
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Figure A.1: Neutral densiঞes for an EGP orbiঞng the Sun, results from the thermospheric model.
202
Density [cm-3]
105 1010 1015 1020
Pr
es
su
re
 [n
ba
r]
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103
epsilon Eri 1 AU
H2
H
He
Density [cm-3]
105 1010 1015 1020
Pr
es
su
re
 [n
ba
r]
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103
epsilon Eri 0.5 AU
H2
H
He
Density [cm-3]
105 1010 1015 1020
Pr
es
su
re
 [n
ba
r]
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103
epsilon Eri 0.2 AU
H2
H
He
Density [cm-3]
105 1010 1015 1020
Pr
es
su
re
 [n
ba
r]
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103
epsilon Eri 0.1 AU
H2
H
He
Figure A.2: Neutral densiঞes for an EGP orbiঞng ϵ Eri, results from the thermospheric model.
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Figure A.3: Neutral densiঞes for an EGP orbiঞng AD Leo, results from the thermospheric model.
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Figure A.4: Neutral densiঞes for an EGP orbiঞng AU Mic, results from the thermospheric model.
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Figure B.1: Ion densiঞes for an EGP orbiঞng the Sun, results from the thermospheric model.
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Figure B.2: Ion densiঞes for an EGP orbiঞng ϵ Eri, results from the thermospheric model.
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Figure B.3: Ion densiঞes for an EGP orbiঞng AD Leo, results from the thermospheric model.
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Figure B.4: Ion densiঞes for an EGP orbiঞng AU Mic, results from the thermospheric model.
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Figure B.5: Ion densiঞes for EGPs orbiঞng ϵ Eri, AD Leo, and AU Mic, irradiated using EMD-scaled spectra. These are results from the
thermospheric model.
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Figure B.6: H+3 densiঞes for EGPs orbiঞng the Sun, ϵ Eri, AD Leo, and AUMic at diﬀerent orbital distances. These are results from the
thermospheric model.
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credit line should read:
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME], advance online publication, day month year (doi: 10.1038/sj.[JOURNAL
ACRONYM].XXXXX) 
 
6.  Adaptations of single figures do not require NPG approval. However, the adaptation should
be credited as follows:
Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)
Note: For adaptation from the British Journal of Cancer, the following credit line
applies.
Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)
 
7.  Translations of 401 words up to a whole article require NPG approval. Please visit
http://www.macmillanmedicalcommunications.com for more information.Translations of up
to a 400 words do not require NPG approval. The translation should be credited as follows:
Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication).
Note: For translation from the British Journal of Cancer, the following credit line
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applies.
Translated by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)
We are certain that all parties will benefit from this agreement and wish you the best in the
use of this material. Thank you.
Special Terms:
v1.1
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
Permissions for figure from Seager andDeming, 2010 (page 17)
223

Permissions for figure from Lean, 1997 (page 21)
225

Permissions for figure from Lean, 1991 (page 24)
227
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Apr 03, 2015
This Agreement between Joshua Chadney ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.
License Number 3601520850976
License date Apr 03, 2015
Licensed Content Publisher John Wiley and Sons
Licensed Content Publication Reviews of Geophysics
Licensed Content Title Variations in the Sun\'s radiative output
Licensed Content Author Judith Lean
Licensed Content Date Jun 14, 2010
Pages 31
Type of use Dissertation/Thesis
Requestor type University/Academic
Format Print and electronic
Portion Figure/table
Number of figures/tables 1
Original Wiley figure/table
number(s)
Figure 2
Will you be translating? No
Title of your thesis /
dissertation
Modelling of the upper atmosphere of gas­giant exoplanets
irradiated by low­mass stars
Expected completion date Apr 2015
Expected size (number of
pages)
200
Requestor Location Joshua Chadney
SPAT ­ Department of Physics
Imperial College London
Prince Consort Road
London, United Kingdom SW7 2BW
Attn: Joshua Chadney
Billing Type Invoice
Billing Address Joshua Chadney
SPAT ­ Department of Physics
Imperial College London
Prince Consort Road
London, United Kingdom SW7 2BW
Attn: Joshua Chadney
Total 0.00 USD
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Terms and Conditions
TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking �accept� in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your Rightslink account (these are available at any time at
http://myaccount.copyright.com).
Terms and Conditions
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 
You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license is for a one-
time use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this licence must be
completed within two years of the date of the grant of this licence (although copies
prepared before the end date may be distributed thereafter). The Wiley Materials shall
not be used in any other manner or for any other purpose, beyond what is granted in
the license. Permission is granted subject to an appropriate acknowledgement given to
the author, title of the material/book/journal and the publisher. You shall also
duplicate the copyright notice that appears in the Wiley publication in your use of the
Wiley Material. Permission is also granted on the understanding that nowhere in the
text is a previously published source acknowledged for all or part of this Wiley
Material. Any third party content is expressly excluded from this permission.
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. You may not alter, remove or suppress
in any manner any copyright, trademark or other notices displayed by the Wiley
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security,
transfer or assign the Wiley Materials on a stand-alone basis, or any of the rights
granted to you hereunder to any other person.
The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto. 
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NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you. 
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY
OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN. 
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 
The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC. 
These terms and conditions together with CCC�s Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
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all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC�s Billing and Payment terms and
conditions, these terms and conditions shall prevail. 
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC�s Billing and Payment
terms and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state�s conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction
in New York County in the State of New York in the United States of America and
each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known address of such
party. 
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses:: Creative Commons Attribution (CC-BY) license Creative
Commons Attribution Non-Commercial (CC-BY-NC) license and Creative Commons
Attribution Non-Commercial-NoDerivs (CC-BY-NC-ND) License. The license type is
clearly identified on the article.
Copyright in any research article in a journal published as Open Access under a Creative
Commons License is retained by the author(s). Authors grant Wiley a license to publish the
article and identify itself as the original publisher. Authors also grant any third party the
right to use the article freely as long as its integrity is maintained and its original authors,
citation details and publisher are identified as follows: [Title of Article/Author/Journal Title
and Volume/Issue. Copyright (c) [year] [copyright owner as specified in the Journal]. Links
to the final article on Wiley�s website are encouraged where applicable.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-commercial re-use of an open access article, as long as
the author is properly attributed.
The Creative Commons Attribution License does not affect the moral rights of authors,
including without limitation the right not to have their work subjected to derogatory
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treatment. It also does not affect any other rights held by authors or third parties in the
article, including without limitation the rights of privacy and publicity. Use of the article
must not assert or imply, whether implicitly or explicitly, any connection with, endorsement
or sponsorship of such use by the author, publisher or any other party associated with the
article.
For any reuse or distribution, users must include the copyright notice and make clear to
others that the article is made available under a Creative Commons Attribution license,
linking to the relevant Creative Commons web page.
To the fullest extent permitted by applicable law, the article is made available as is and
without representation or warranties of any kind whether express, implied, statutory or
otherwise and including, without limitation, warranties of title, merchantability, fitness for a
particular purpose, non-infringement, absence of defects, accuracy, or the presence or
absence of errors.
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC) License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by non-commercial users
For non-commercial and non-promotional purposes, individual users may access, download,
copy, display and redistribute to colleagues Wiley Open Access articles, as well as adapt,
translate, text- and data-mine the content subject to the following conditions:
The authors' moral rights are not compromised. These rights include the right of
"paternity" (also known as "attribution" - the right for the author to be identified as
such) and "integrity" (the right for the author not to have the work altered in such a
way that the author's reputation or integrity may be impugned). 
Where content in the article is identified as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright policies of
the owner of that content. 
If article content is copied, downloaded or otherwise reused for non-commercial
research and education purposes, a link to the appropriate bibliographic citation
(authors, journal, article title, volume, issue, page numbers, DOI and the link to the
definitive published version on Wiley Online Library) should be maintained.
Copyright notices and disclaimers must not be deleted. 
Any translations, for which a prior translation agreement with Wiley has not been
agreed, must prominently display the statement: "This is an unofficial translation of an
article that appeared in a Wiley publication. The publisher has not endorsed this
translation." 
Use by commercial "for-profit" organisations
4/3/2015 Rightslink Printable License
https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID=140&publisherName=Wiley&publication=ROG&publicationID=81924&rightID=1&typeOf… 6/6
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee. Commercial
purposes include:
Copying or downloading of articles, or linking to such articles for further
redistribution, sale or licensing; 
Copying, downloading or posting by a site or service that incorporates advertising
with such content; 
The inclusion or incorporation of article content in other works or services (other than
normal quotations with an appropriate citation) that is then available for sale or
licensing, for a fee (for example, a compilation produced for marketing purposes,
inclusion in a sales pack) 
Use of article content (other than normal quotations with appropriate citation) by for-
profit organisations for promotional purposes 
Linking to article content in e-mails redistributed for promotional, marketing or
educational purposes; 
Use for the purposes of monetary reward by means of sale, resale, licence, loan,
transfer or other form of commercial exploitation such as marketing products 
Print reprints of Wiley Open Access articles can be purchased from:
corporatesales@wiley.com 
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
Other Terms and Conditions: 
v1.9
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
Permissions for figure from Ayres, 1997 (page 28)
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Apr 03, 2015
This Agreement between Joshua Chadney ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.
License Number 3601530061181
License date Apr 03, 2015
Licensed Content Publisher John Wiley and Sons
Licensed Content Publication Journal of Geophysical Research: Planets
Licensed Content Title Evolution of the solar ionizing flux
Licensed Content Author Thomas R. Ayres
Licensed Content Date Sep 21, 2012
Pages 11
Type of use Dissertation/Thesis
Requestor type University/Academic
Format Print and electronic
Portion Figure/table
Number of figures/tables 1
Original Wiley figure/table
number(s)
Figure 9
Will you be translating? No
Title of your thesis /
dissertation
Modelling of the upper atmosphere of gas­giant exoplanets
irradiated by low­mass stars
Expected completion date Apr 2015
Expected size (number of
pages)
200
Requestor Location Joshua Chadney
SPAT ­ Department of Physics
Imperial College London
Prince Consort Road
London, United Kingdom SW7 2BW
Attn: Joshua Chadney
Billing Type Invoice
Billing Address Joshua Chadney
SPAT ­ Department of Physics
Imperial College London
Prince Consort Road
London, United Kingdom SW7 2BW
Attn: Joshua Chadney
Total 0.00 USD
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Terms and Conditions
TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking �accept� in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your Rightslink account (these are available at any time at
http://myaccount.copyright.com).
Terms and Conditions
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 
You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license is for a one-
time use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this licence must be
completed within two years of the date of the grant of this licence (although copies
prepared before the end date may be distributed thereafter). The Wiley Materials shall
not be used in any other manner or for any other purpose, beyond what is granted in
the license. Permission is granted subject to an appropriate acknowledgement given to
the author, title of the material/book/journal and the publisher. You shall also
duplicate the copyright notice that appears in the Wiley publication in your use of the
Wiley Material. Permission is also granted on the understanding that nowhere in the
text is a previously published source acknowledged for all or part of this Wiley
Material. Any third party content is expressly excluded from this permission.
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. You may not alter, remove or suppress
in any manner any copyright, trademark or other notices displayed by the Wiley
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security,
transfer or assign the Wiley Materials on a stand-alone basis, or any of the rights
granted to you hereunder to any other person.
The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto. 
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NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you. 
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY
OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN. 
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 
The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC. 
These terms and conditions together with CCC�s Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
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all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC�s Billing and Payment terms and
conditions, these terms and conditions shall prevail. 
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC�s Billing and Payment
terms and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state�s conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction
in New York County in the State of New York in the United States of America and
each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known address of such
party. 
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses:: Creative Commons Attribution (CC-BY) license Creative
Commons Attribution Non-Commercial (CC-BY-NC) license and Creative Commons
Attribution Non-Commercial-NoDerivs (CC-BY-NC-ND) License. The license type is
clearly identified on the article.
Copyright in any research article in a journal published as Open Access under a Creative
Commons License is retained by the author(s). Authors grant Wiley a license to publish the
article and identify itself as the original publisher. Authors also grant any third party the
right to use the article freely as long as its integrity is maintained and its original authors,
citation details and publisher are identified as follows: [Title of Article/Author/Journal Title
and Volume/Issue. Copyright (c) [year] [copyright owner as specified in the Journal]. Links
to the final article on Wiley�s website are encouraged where applicable.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
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Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your Rightslink account (these are available at any time at
http://myaccount.copyright.com).
Terms and Conditions
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 
You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license is for a one-
time use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this licence must be
completed within two years of the date of the grant of this licence (although copies
prepared before the end date may be distributed thereafter). The Wiley Materials shall
not be used in any other manner or for any other purpose, beyond what is granted in
the license. Permission is granted subject to an appropriate acknowledgement given to
the author, title of the material/book/journal and the publisher. You shall also
duplicate the copyright notice that appears in the Wiley publication in your use of the
Wiley Material. Permission is also granted on the understanding that nowhere in the
text is a previously published source acknowledged for all or part of this Wiley
Material. Any third party content is expressly excluded from this permission.
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. You may not alter, remove or suppress
in any manner any copyright, trademark or other notices displayed by the Wiley
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security,
transfer or assign the Wiley Materials on a stand-alone basis, or any of the rights
granted to you hereunder to any other person.
The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto. 
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NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you. 
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY
OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN. 
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 
The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC. 
These terms and conditions together with CCC�s Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
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WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC�s Billing and Payment terms and
conditions, these terms and conditions shall prevail. 
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC�s Billing and Payment
terms and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state�s conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction
in New York County in the State of New York in the United States of America and
each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known address of such
party. 
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses:: Creative Commons Attribution (CC-BY) license Creative
Commons Attribution Non-Commercial (CC-BY-NC) license and Creative Commons
Attribution Non-Commercial-NoDerivs (CC-BY-NC-ND) License. The license type is
clearly identified on the article.
Copyright in any research article in a journal published as Open Access under a Creative
Commons License is retained by the author(s). Authors grant Wiley a license to publish the
article and identify itself as the original publisher. Authors also grant any third party the
right to use the article freely as long as its integrity is maintained and its original authors,
citation details and publisher are identified as follows: [Title of Article/Author/Journal Title
and Volume/Issue. Copyright (c) [year] [copyright owner as specified in the Journal]. Links
to the final article on Wiley�s website are encouraged where applicable.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-commercial re-use of an open access article, as long as
the author is properly attributed.
The Creative Commons Attribution License does not affect the moral rights of authors,
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including without limitation the right not to have their work subjected to derogatory
treatment. It also does not affect any other rights held by authors or third parties in the
article, including without limitation the rights of privacy and publicity. Use of the article
must not assert or imply, whether implicitly or explicitly, any connection with, endorsement
or sponsorship of such use by the author, publisher or any other party associated with the
article.
For any reuse or distribution, users must include the copyright notice and make clear to
others that the article is made available under a Creative Commons Attribution license,
linking to the relevant Creative Commons web page.
To the fullest extent permitted by applicable law, the article is made available as is and
without representation or warranties of any kind whether express, implied, statutory or
otherwise and including, without limitation, warranties of title, merchantability, fitness for a
particular purpose, non-infringement, absence of defects, accuracy, or the presence or
absence of errors.
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC) License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by non-commercial users
For non-commercial and non-promotional purposes, individual users may access, download,
copy, display and redistribute to colleagues Wiley Open Access articles, as well as adapt,
translate, text- and data-mine the content subject to the following conditions:
The authors' moral rights are not compromised. These rights include the right of
"paternity" (also known as "attribution" - the right for the author to be identified as
such) and "integrity" (the right for the author not to have the work altered in such a
way that the author's reputation or integrity may be impugned). 
Where content in the article is identified as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright policies of
the owner of that content. 
If article content is copied, downloaded or otherwise reused for non-commercial
research and education purposes, a link to the appropriate bibliographic citation
(authors, journal, article title, volume, issue, page numbers, DOI and the link to the
definitive published version on Wiley Online Library) should be maintained.
Copyright notices and disclaimers must not be deleted. 
Any translations, for which a prior translation agreement with Wiley has not been
agreed, must prominently display the statement: "This is an unofficial translation of an
article that appeared in a Wiley publication. The publisher has not endorsed this
translation." 
Use by commercial "for-profit" organisations
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Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee. Commercial
purposes include:
Copying or downloading of articles, or linking to such articles for further
redistribution, sale or licensing; 
Copying, downloading or posting by a site or service that incorporates advertising
with such content; 
The inclusion or incorporation of article content in other works or services (other than
normal quotations with an appropriate citation) that is then available for sale or
licensing, for a fee (for example, a compilation produced for marketing purposes,
inclusion in a sales pack) 
Use of article content (other than normal quotations with appropriate citation) by for-
profit organisations for promotional purposes 
Linking to article content in e-mails redistributed for promotional, marketing or
educational purposes; 
Use for the purposes of monetary reward by means of sale, resale, licence, loan,
transfer or other form of commercial exploitation such as marketing products 
Print reprints of Wiley Open Access articles can be purchased from:
corporatesales@wiley.com 
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
Other Terms and Conditions: 
v1.9
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
Permissions for figure fromMoore et al., 2010 (page 36)
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Apr 03, 2015
This Agreement between Joshua Chadney ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.
License Number 3601690499835
License date Apr 03, 2015
Licensed Content Publisher John Wiley and Sons
Licensed Content Publication Journal of Geophysical Research: Space Physics
Licensed Content Title Latitudinal variations in Saturn\'s ionosphere: Cassini
measurements and model comparisons
Licensed Content Author Luke Moore,Ingo Mueller­Wodarg,Marina Galand,Arvydas
Kliore,Michael Mendillo
Licensed Content Date Nov 18, 2010
Pages 1
Type of use Dissertation/Thesis
Requestor type University/Academic
Format Print and electronic
Portion Figure/table
Number of figures/tables 1
Original Wiley figure/table
number(s)
Figure 2
Will you be translating? No
Title of your thesis /
dissertation
Modelling of the upper atmosphere of gas­giant exoplanets
irradiated by low­mass stars
Expected completion date Apr 2015
Expected size (number of
pages)
200
Requestor Location Joshua Chadney
SPAT ­ Department of Physics
Imperial College London
Prince Consort Road
London, United Kingdom SW7 2BW
Attn: Joshua Chadney
Billing Type Invoice
Billing Address Joshua Chadney
SPAT ­ Department of Physics
Imperial College London
Prince Consort Road
London, United Kingdom SW7 2BW
Attn: Joshua Chadney
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TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking �accept� in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your Rightslink account (these are available at any time at
http://myaccount.copyright.com).
Terms and Conditions
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 
You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license is for a one-
time use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this licence must be
completed within two years of the date of the grant of this licence (although copies
prepared before the end date may be distributed thereafter). The Wiley Materials shall
not be used in any other manner or for any other purpose, beyond what is granted in
the license. Permission is granted subject to an appropriate acknowledgement given to
the author, title of the material/book/journal and the publisher. You shall also
duplicate the copyright notice that appears in the Wiley publication in your use of the
Wiley Material. Permission is also granted on the understanding that nowhere in the
text is a previously published source acknowledged for all or part of this Wiley
Material. Any third party content is expressly excluded from this permission.
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. You may not alter, remove or suppress
in any manner any copyright, trademark or other notices displayed by the Wiley
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security,
transfer or assign the Wiley Materials on a stand-alone basis, or any of the rights
granted to you hereunder to any other person.
The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto. 
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NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you. 
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY
OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN. 
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 
The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC. 
These terms and conditions together with CCC�s Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
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WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC�s Billing and Payment terms and
conditions, these terms and conditions shall prevail. 
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC�s Billing and Payment
terms and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state�s conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction
in New York County in the State of New York in the United States of America and
each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known address of such
party. 
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses:: Creative Commons Attribution (CC-BY) license Creative
Commons Attribution Non-Commercial (CC-BY-NC) license and Creative Commons
Attribution Non-Commercial-NoDerivs (CC-BY-NC-ND) License. The license type is
clearly identified on the article.
Copyright in any research article in a journal published as Open Access under a Creative
Commons License is retained by the author(s). Authors grant Wiley a license to publish the
article and identify itself as the original publisher. Authors also grant any third party the
right to use the article freely as long as its integrity is maintained and its original authors,
citation details and publisher are identified as follows: [Title of Article/Author/Journal Title
and Volume/Issue. Copyright (c) [year] [copyright owner as specified in the Journal]. Links
to the final article on Wiley�s website are encouraged where applicable.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-commercial re-use of an open access article, as long as
the author is properly attributed.
The Creative Commons Attribution License does not affect the moral rights of authors,
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including without limitation the right not to have their work subjected to derogatory
treatment. It also does not affect any other rights held by authors or third parties in the
article, including without limitation the rights of privacy and publicity. Use of the article
must not assert or imply, whether implicitly or explicitly, any connection with, endorsement
or sponsorship of such use by the author, publisher or any other party associated with the
article.
For any reuse or distribution, users must include the copyright notice and make clear to
others that the article is made available under a Creative Commons Attribution license,
linking to the relevant Creative Commons web page.
To the fullest extent permitted by applicable law, the article is made available as is and
without representation or warranties of any kind whether express, implied, statutory or
otherwise and including, without limitation, warranties of title, merchantability, fitness for a
particular purpose, non-infringement, absence of defects, accuracy, or the presence or
absence of errors.
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC) License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by non-commercial users
For non-commercial and non-promotional purposes, individual users may access, download,
copy, display and redistribute to colleagues Wiley Open Access articles, as well as adapt,
translate, text- and data-mine the content subject to the following conditions:
The authors' moral rights are not compromised. These rights include the right of
"paternity" (also known as "attribution" - the right for the author to be identified as
such) and "integrity" (the right for the author not to have the work altered in such a
way that the author's reputation or integrity may be impugned). 
Where content in the article is identified as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright policies of
the owner of that content. 
If article content is copied, downloaded or otherwise reused for non-commercial
research and education purposes, a link to the appropriate bibliographic citation
(authors, journal, article title, volume, issue, page numbers, DOI and the link to the
definitive published version on Wiley Online Library) should be maintained.
Copyright notices and disclaimers must not be deleted. 
Any translations, for which a prior translation agreement with Wiley has not been
agreed, must prominently display the statement: "This is an unofficial translation of an
article that appeared in a Wiley publication. The publisher has not endorsed this
translation." 
Use by commercial "for-profit" organisations
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Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee. Commercial
purposes include:
Copying or downloading of articles, or linking to such articles for further
redistribution, sale or licensing; 
Copying, downloading or posting by a site or service that incorporates advertising
with such content; 
The inclusion or incorporation of article content in other works or services (other than
normal quotations with an appropriate citation) that is then available for sale or
licensing, for a fee (for example, a compilation produced for marketing purposes,
inclusion in a sales pack) 
Use of article content (other than normal quotations with appropriate citation) by for-
profit organisations for promotional purposes 
Linking to article content in e-mails redistributed for promotional, marketing or
educational purposes; 
Use for the purposes of monetary reward by means of sale, resale, licence, loan,
transfer or other form of commercial exploitation such as marketing products 
Print reprints of Wiley Open Access articles can be purchased from:
corporatesales@wiley.com 
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
Other Terms and Conditions: 
v1.9
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
Permissions for figure from Yelle et al., 2004 (page 39)
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ELSEVIER LICENSE
TERMS AND CONDITIONS
Apr 03, 2015
This is a License Agreement between Joshua Chadney ("You") and Elsevier ("Elsevier")
provided by Copyright Clearance Center ("CCC"). The license consists of your order details,
the terms and conditions provided by Elsevier, and the payment terms and conditions.
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From: Permissions permissions@iop.org
Subject: Re: Request to reproduce figures in a dissertation
Date: 11 May 2015 09:05
To: Chadney, Joshua M joshua.chadney10@imperial.ac.uk
Dear Joshua Chadney, 
My apologies if  my previous email was unclear, please feel free to post your dissertation (including the figures) in the online repository. 
Please ensure that you reference the figures as set out in the conditions of my previous email. This will show that the figures are
published under a separate licence to the rest of the your dissertation. 
Kind regards 
Zora Catterick 
Publishing Assistant 
IOP Publishing 
From:        "Chadney, Joshua M" <joshua.chadney10@imperial.ac.uk> 
To:        Permissions <permissions@iop.org>, 
Date:        08/05/2015 17:01 
Subject:        Re: Request to reproduce figures in a dissertation 
Hello again, 
Thanks for your quick reply. Is there no possibility of obtaining permission to publish on Imperial College’s online
repository, Spiral, which would be under a CC BY-NC-ND licence? This is a requirement by the university for the
final version of my thesis and so without this permission I will not be able to use the figures in question. 
Thank you, 
Joshua Chadney. 
On 8 May 2015, at 14:42, Permissions <permissions@iop.org> wrote: 
Dear Joshua Chadney, 
Thank you for notifying us that you have received the consent of the authors to reproduce content from AAS journals. 
I am happy to confirm that permission is granted and you need take no further action. 
Please include the following alongside the material: 
o        the source of the material, including author, article title, title of journal, volume number, issue number (if relevant), page range
(or first page if this is the only information available) and date of first publication. This material can be contained in a footnote or
reference.
o        for material being published electronically, a link back to the article (via DOI)
o        if practical and IN ALL CASES for works published under any of the Creative Commons licences the words "© AAS.
Reproduced with permission of IOP Publishing.  All rights reserved"
Please note that while permission to granted to reuse the figures, they cannot be made available under the Creative Commons
Attribution-NonCommercial-NoDerivs licence.
If you have any questions, please feel free to contact our Permissions team at this address.
Kind regards, 
Zora Catterick 
Publishing Assistant 
IOP Publishing 
Please note: We do not usually provide signed permission forms as a separate attachment.  Please print this email and provide it to your
publisher as proof of permission. 
From:        "Chadney, Joshua M" <joshua.chadney10@imperial.ac.uk> 
From:        "Chadney, Joshua M" <joshua.chadney10@imperial.ac.uk> 
To:        Permissions <permissions@iop.org>, 
Date:        08/05/2015 12:18 
Subject:        Re: Request to reproduce figures in a dissertation
Dear Zora, 
Following your last e-mail, I have contacted the authors of the papers from which I wish to reproduce figures in my
PhD thesis. Each of them have now granted me permission — see pdf files attached of their responses. Please
also see my first e-mail (below) for precise details of each figure I wish to use and for information on where they
are to appear. 
Kind Regards, 
Joshua Chadney 
Space and Atmospheric Physics Group
Department of Physics
Imperial College London
Prince Consort Road
London, SW7 2AZ
U.K. 
On 17 Apr 2015, at 10:57, Permissions <permissions@iop.org> wrote: 
Dear Joshua Chadney, 
Thank you for your enquiry. 
AAS grants back to its authors the right to grant permission for reuse of their work.  Therefore, please: 
·        Obtain consent from one of the original authors of the paper from which you wish to reuse content. In the event that, having made
diligent efforts, you are unable to contact the authors please let us know. 
·        Notify us at this address once consent has been obtained from the original authors. Please give the original citation for the figure,
table, or other material that you plan to reproduce as well as the information about where the material is to appear. 
We look forward to hearing from you once you have obtained the authors’ permission. 
Kind regards,
Zora Catterick
Publishing Assistant
IOP Publishing
Please note: We do not usually provide signed permission forms as a separate attachment.  Please print this email and provide it to your
publisher as proof of permission. 
From: joshua.chadney10@imperial.ac.uk
Sent: 14/04/2015
To: custserv@iop.org
Subject: Request to reproduce figures in a dissertation
Dear Sir/Madam,
I am completing my PhD thesis at Imperial College London entitled ‘Modelling of the upper atmosphere of gas-
giant exoplanets irradiated by low-mass stars’.
I seek your permission to reprint, in my thesis, figures from a number of publications to which IOP publishing
holds the rights. These are as follows:
- Figures 1 and 8 from Ribas et al. 2005 ApJ 622 680 doi:10.1086/427977<http://dx.doi.org/10.1086/427977>
- Figure 9 from Lockwood et al. 2007 ApJS 171 260 doi:10.1086/516752<http://dx.doi.org/10.1086/516752>
- Figure 1 from Woods et al. 2011 ApJ 739 59 doi:10.1088/0004-637X/739/2/59<http://dx.doi.org/10.1088/0004-
637X/739/2/59>
- Figure 1 from Lavvas et al. 2014 ApJ 796 15 doi:10.1088/0004-637X/796/1/15<http://dx.doi.org/10.1088/0004-
637X/796/1/15>
I would like to include the figures in the printed examination copy of my thesis and also the electronic version
which will be added to Spiral, Imperial's? ?o?n?l?i?n?e??????? repository http://spiral.imperial.ac.uk/ and made
available to the public under a Creative Commons Attribution-NonCommercial-NoDerivs licence.
If you are happy to grant me all the permissions requested, please return a signed copy of this letter. If you
wish to grant only some of the permissions requested, please list these and then sign.
Yours sincerely,
Joshua Chadney.
Space and Atmospheric Physics Group
Department of Physics
Imperial College London
Prince Consort Road
London, SW7 2AZ
U.K.
Permission granted for the use requested above:
I confirm that I am the copyright holder of the figures above and hereby give permission to include them in the
print and electronic version of your thesis. I understand that the electronic version of the thesis will be made
available, via the internet, for non-commercial purposes under the terms of the user licence.
[please edit the text above if you wish to grant more specific permission]
Signed:
Name:
Organisation:
Job title:
This email (and attachments) are confidential and intended for the addressee(s) only. If you are not the intended
recipient please notify the sender, delete any copies and do not take action in reliance on it. Any views expressed
are the author's and do not represent those of IOP, except where specifically stated. IOP takes reasonable
precautions to protect against viruses but accepts no responsibility for loss or damage arising from virus infection.
For the protection of IOP's systems and staff emails are scanned automatically. 
IOP Publishing Limited Registered in England under Registration No 467514. Registered Office: Temple Circus,
Bristol BS1 6HG England Vat No GB 461 6000 84.
Please consider the environment before printing this email
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From: Tom Woods Tom.Woods@lasp.colorado.edu
Subject: Re: Request to reproduce figure in a dissertation
Date: 7 May 2015 16:48
To: Chadney, Joshua M joshua.chadney10@imperial.ac.uk
Cc: Tom Woods Tom.Woods@lasp.colorado.edu
Hi
You have my permission to reproduce that figure, with proper credits provided with the figure.
Here it is as EPS and JPEG files.
Tom Woods
LASP / University of Colorado
3665 Discovery Dr.
Boulder, CO 80303
E-mail:  tom.woods@lasp.colorado.edu
Phone:  303-492-4224
FAX: 303-492-6444
On May 7, 2015, at 8:47 AM, Chadney, Joshua M <joshua.chadney10@imperial.ac.uk> wrote:
Dear Dr Woods,
I have just completed my PhD thesis at Imperial College London entitled ‘Modelling of the upper atmosphere of gas-giant exoplanets
irradiated by low-mass stars’.
I seek your permission to reproduce, in my thesis, a figure from one of your publications: Figure 1 from Woods et al. 2011 ApJ 739 59
doi:10.1088/0004-637X/739/2/59. I was informed by the journal that I need to obtain your consent to reuse this material.
I would like to include the figure in the printed examination copy of my thesis and also the electronic version which will be added to
Spiral, Imperial's​ ​o​n​l​i​n​e​ repository http://spiral.imperial.ac.uk/ and made available to the public under a Creative Commons Attribution-
NonCommercial-NoDerivs licence.
Please let me know if you are happy to grant me these permissions.
Yours sincerely,
Joshua Chadney.
Space and Atmospheric Physics Group
Department of Physics
Imperial College London
Prince Consort Road
London, SW7 2AZ
U.K.
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From: Ignasi Ribas iribas@ice.cat
Subject: Re: Request to reproduce figures in a dissertation
Date: 7 May 2015 16:10
To: Chadney, Joshua M joshua.chadney10@imperial.ac.uk
Hi Joshua,
Thanks for writing. Sure! You have my permission to use the two figures in your thesis. 
All the best,
 Ignasi
El 07/05/2015, a les 16:40, Chadney, Joshua M <joshua.chadney10@imperial.ac.uk> va escriure:
Dear Dr Ribas,
I have just completed my PhD thesis at Imperial College London entitled ‘Modelling of the upper atmosphere of gas-giant exoplanets 
irradiated by low-mass stars’.
I seek your permission to reproduce, in my thesis, two figures from one of your publications: Figures 1 and 8 from Ribas et al. 2005 
ApJ 622 680 doi:10.1086/427977. I was informed by the journal that I need to obtain your consent to reuse this material.
I would like to include the figures in the printed examination copy of my thesis and also the electronic version which will be added to 
Spiral, Imperial's​ ​o ​n ​l ​i ​n ​e ​​​​​​​ repository http://spiral.imperial.ac.uk/ and made available to the public under a Creative Commons Attribution-
NonCommercial-NoDerivs licence.
Please let me know if you are happy to grant me these permissions.
Yours sincerely,
Joshua Chadney.
Space and Atmospheric Physics Group
Department of Physics
Imperial College London
Prince Consort Road
London, SW7 2AZ
U.K.
From: Wes Lockwood gwl@lowell.edu
Subject: RE: Request to reproduce figure in a dissertation
Date: 7 May 2015 17:32
To: Chadney, Joshua M joshua.chadney10@imperial.ac.uk
Dear Mr. Chadney,
Feel free to use any figures of mine that you like.
Regards,
Wes Lockwood
 
 
From: Chadney, Joshua M [mailto:joshua.chadney10@imperial.ac.uk] 
Sent: Thursday, May 07, 2015 7:45 AM
To: gwl@lowell.edu
Subject: Request to reproduce figure in a dissertation
 
Dear Dr Lockwood,
 
I have just completed my PhD thesis at Imperial College London entitled ‘Modelling of the
upper atmosphere of gas-giant exoplanets irradiated by low-mass stars’.
 
I seek your permission to reproduce, in my thesis, a figure from one of your
publications: Figure 9 from Lockwood et al. 2007 ApJS 171 260 doi:10.1086/516752. I
was informed by the journal that I need to obtain your consent to reuse this material.
 
I would like to include the figure in the printed examination copy of my thesis and also
the electronic version which will be added to Spiral, Imperial's​ ​o ​n ​l ​i ​n ​e ​​​​​​​
repository http://spiral.imperial.ac.uk/ and made available to the public under
a Creative Commons Attribution-NonCommercial-NoDerivs licence.
 
Please let me know if you are happy to grant me these permissions.
Yours sincerely,
Joshua Chadney.
Space and Atmospheric Physics Group
Department of Physics
Imperial College London
Prince Consort Road
London, SW7 2AZ
U.K.
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From: Panayotis Lavvas panayotis.lavvas@univ-reims.fr
Subject: Re: Request to reproduce figures in a dissertation
Date: 8 May 2015 10:00
To: Chadney, Joshua M joshua.chadney10@imperial.ac.uk
Dear Dr. Chadney,
It is fine with me to use Figure 1 from the Lavvas et al. 2014, APJ, 796, 15 paper for your PhD thesis.
Best regards,
Panayotis
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
                            Dr. Panayotis Lavvas
Groupe de Spectroscopie Moléculaire et Atmosphérique
    UMR CNRS 7331
     Campus Moulin de la Housse - BP 1039
Université Reims Champagne-Ardenne, 51687 REIMS
          panayotis.lavvas@univ-reims.fr
Tel: (+33/0)3 26 91 33 16  |  Fax: (+33/0) 3 26 91 31 47
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
On May 7, 2015, at 4:50 PM, Chadney, Joshua M wrote:
Dear Dr Lavvas,
I have just completed my PhD thesis at Imperial College London entitled ‘Modelling of the upper atmosphere of gas-giant exoplanets 
irradiated by low-mass stars’.
I seek your permission to reproduce, in my thesis, a figure from one of your publications: Figure 1 from Lavvas et al. 2014 ApJ 796 15 
doi:10.1088/0004-637X/796/1/15. I was informed by the journal that I need to obtain your consent to reuse this material.
I would like to include the figure in the printed examination copy of my thesis and also the electronic version which will be added to 
Spiral, Imperial's​ ​o ​n ​l ​i ​n ​e ​​​​​​​ repository http://spiral.imperial.ac.uk/ and made available to the public under a Creative Commons Attribution-
NonCommercial-NoDerivs licence.
Please let me know if you are happy to grant me these permissions.
Yours sincerely,
Joshua Chadney.
Space and Atmospheric Physics Group
Department of Physics
Imperial College London
Prince Consort Road
London, SW7 2AZ
U.K.
